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ABSTRACT

The world is moving towards sustainability and there is immense pressure on Aerospace
Industry to reduce its emissions to contribute to a carbon-neutral world. However, ma-
turing gas turbine technology is a big bottleneck towards this goal and hence, this project
focuses on the technical and economic feasibility of a new type of propulsion system,
called Solid-Oxide Fuel Cell- Gas Turbine or SOFC-GT hybrid propulsion system. SOFC-
GT, even though being a low TRL technology, has the potential to reduce fuel consump-
tion, emissions, and operation costs, making it a suitable candidate for a future propul-
sion system.

This research concludes that in order to achieve the full potential of the SOFC-GT hy-
brid, engine parameters like BPR, FPR and cooling air requirements need to be changed.
The Thrust-Specific Fuel Consumption (TSFC) for the propulsion system has decreased
by 6.03% and 19.89% for 1 MW and 4 MW fuel cell power output in Off-Design (Cruise)
condition. Along with this, core mass flow rate or size, cooling air requirement and Tur-
bine Inlet Temperature has decreased. The emission results show that the NOy emis-
sions have been reduced by 29.11% and 78.05% respectively. Sensitivity analysis shows
that the thermodynamic efficiency is most sensitive to engine parameters but the impact
of fuel cell parameters is increasing as the fuel cell power output is increased.

The economic analysis done in this study shows that the SOFC-GT hybrid is not feasi-
ble for the commercially available fuel cell because of the substantial increase in weight
of the propulsion system. However, the propulsion system will become feasible at the
fuel cell system specific power of 2.30 kW/kg and 2.10 kW/kg for no emission tax and
highest emission tax scenario respectively at a fuel price of $ 6/kg. Along with this, in-
creasing the fuel cell power output leads to the increase in required specific power for
fuel cell or has a negative impact on the overall economics. The overall economics of the
aircraft is most sensitive to aircraft parameters but increasing the fuel cell power output
decreases sensitivity substantially. In the end, the emission has a low impact on the over-
all economics of the aircraft.

This research shows that it is possible to integrate a SOFC with the turbofan if the fuel
cell technology improves in the future. Along with this, the research provides multiple
novel methodologies for technical and economic analysis of the SOFC-GT hybrid.
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H2, cquired Hydrogen required for fuel cell

He, Enthalpy of cold uid going in of heat exchanger J
Heout Enthalpy of cold uid coming out of heat exchanger J
Hh,, Enthalpy of hot uid going in of heat exchanger J
Hhout Enthalpy of hot uid coming out of heat exchanger J
| Current delivered by fuel cell A
i Average current density Alm?
s Exchange current desnity A/m?
Ka Heat capacity ratio of air
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MPyew New Design Payload kg
Mpp. Reference Design Payload kg
0?2 Oxide lon
Oz Oxygen
P Pressure pa
p* Standard pressure pa
Pt Pressure of uid at the nozzle exit pa
Ptee Fuel Cell Compressor Power Input w
Picp Net Fuel Cell Power added to the LP Shaft w
Ptc Fuel Cell Power Output w
Psc Power output of fuel cell w
PH,0tpb Pressure of water/steam at TPB pa
PH,0 Pressure of Water/Steam pa
PH,tpb Pressure of hydrogen at TPB pa
PH, Pressure of Hydrogen pa
Po,tpb Pressure of oxygen at TPB pa
Po, Pressure of Oxygen pa
Py Total pressure at inlet pa
Pio Total pressure at outlet pa
Qf coutput Heat output from SOFC model J
chrequ"ed Heat required to increase the temperature of byproducts to
Trcout J
R Universal gas constant JKi L moli?
Ra Resistivity of the anode ohm/cm?
Rc Resistivity of the cathode ohm/cm?
RcC Resistivity of the current collector ohm/cm?
Re Resistivity of the electrolyte ohm/cm?
SPy Fraction of spare parts to the cost of aircraft %
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SPe Fraction of spare parts to the cost of engine %
SPsc Fraction of spare parts to the cost of fc %
T Temperature K
TEcin Temperature of inlet products of SOFC K
TEcout Temperature of outlet byproducts of SOFC K
Thi, Inlet temperature of hot uid K
Tii Total temperature at inlet k
Tto Total temperature at outlet k
TCin Inlet temperature of cold uid K
T Cout Outlet temperature of cold uid K
Us Fuel utilization

\Y, Aircraft Velocity m/s
V1 Velocity of aircraft m/s
V¢ Velocity of uid at the nozzle exit m/s
Vi Fully expanded core jet velocity m/s
Vv Jet Velocity m/s
Vact Activation loss voltage \%
Veonc Concentration loss voltage \%
Vic Fuel cell voltage \%
Vib Fully expanded bypass jet velocity m/s
Vocv Open circuit voltage \%
Vohm Ohmic loss voltage \%
Wt an Total fan power required W
z Number of electrons exchanged per mol of fuel

(CO3)? Carbonate ion

CHy Methane

(6{0) Carbon Monoxide

CO,

Carbon Dioxide
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HA Hydrogen ion

H>0O Water/Steam

NOy Nitrogen Oxides

SO

Sulphur Oxides






INTRODUCTION

Climate Change is an important issue and people all around the world have understood
the need for a more sustainable and renewable future. Consumers' perspective is chang-
ing towards greener solutions or alternatives from every industry in order to reduce their
individual carbon emission footprint. Regulators and Governments, due to the pres-
sure from their citizens and the international community, have also started to shift their
focus toward more sustainable solutions and invest heavily in disruptive technologies
to expedite the transition. The aviation industry is no different. The whole industry is
getting constant scrutiny over the emissions that it creates and people are getting more
concerned about the way they should be traveling. There have been multiple incidents
of ight shaming in the past and other incidents like environmental activist Greta Thun-
berg using a sailboat to travel to New York while spending 2 weeks in travel time rather
than choosing to y for only 11 hours. This is because of the high amount of emissions
per passenger per km(p/km) for the Aerospace Industry as compared to any other mode
of transport. According to European Union, a person ying from Lisbon to New York is
contributing to as many emissions as their home produces for one whole year of heat-
ing[1].

A domestic ight has a direct Carbon Dioxide ( CO;) emissions of 133 g/p/km and
indirect emissions such as Nitrogen Oxides ( NOy), Sulphur Oxides( SOy), contrails, etc.,
of 121 g/p/km compared to a bus of 104 g/p/km and a domestic rail of 41 g/p/km[2].
These emissions not only lead to global warming but also contributes to severe health
conditions like respiratory problems. In the EU alone, only aircraft direct emissions
contributed to 3.8% of all carbon emissions and 13.9% of transport emissions without
considering the indirect impacts, which are quite substantial[1]. Even though the con-
tinuous effort from the whole industry has been crucial in reducing the fuel burn per
passenger by 24% from 2005 to 2017, which is signi cant and commendable, it has been
outweighed by the increase in air travel by 60% in the same period [1]. This is the rea-
son that the whole Aerospace Industry, as well as the regulators, are pushing hard to
reduce their emission footprint. European Union (EU) has built an Advisory Council
for Aeronautics Research in Europe (ACARE) ightpath 2050 which aims to reduce the
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CO, emissions by 75 %, NOy emissions by 90%, and noise emissions by 65 % by 2050
compared to a new aircraft in 2000. These ambitious goals need to be achieved even
though there is a continuous growth in the number of passengers by 4.3% during the
pre-COViD-19 times according to International Civil Aviation Organization (ICAO)[3].
The COVID-19 pandemic did have a huge impact on the whole airline industry and as

a result, the emissions from the industry reduced signi cantly. But the industry has al-
ready recovered to 70% of the pre-covid level and is hoping to recover to its full potential
soon [4]. This means that the number of passengers using the aircraft will also increase
steadily in the future. The rate of increase might be lower because of the cultural shift in
the business sector and corporate sector which can help in achieving the goals.

This research is a small effort to push this movement forward and contribute to the
journey to emission neutral future.

1.1. MATURING GAS TURBINE TECHNOLOGY

As mentioned in section 1 in order to achieve the ACARE 2050 Vision, there is a need for
radical changes in the aero-engine technology as engine technology is one of the biggest
contributors of ef ciency improvement and reductions of emissions. But the current
gas turbines are approaching technological maturity [5] and this is evidentin gure 1.1.
The curve for speci ¢ fuel consumption is attening over time which is shown in red
and in past 20 years, there is a little improvement in speci ¢ fuel consumption. Even
the latest GE9X is only 10% [6] more fuel-ef cient than its predecessor GE90 compared
to GE90's 20% [7] less fuel burn from its predecessor GE CF6. This indicates that gas
turbine technology is on the verge of becoming a mature technology which poses a big
bottleneck toward emission neutrality.

Figure 1.1: Engine fuel burns over the time

(8]
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The data in blue in the gure 1.1shows the change in aircraft energy requirements
over the period and it can be seen that aircraft energy requirements have reduced by ap-
proximately 75% since the 1960s. The additional energy savings is due to the improve-
ments in aircraft aerodynamics, structures, and materials. But as the engine improve-
ments have slowed down, so did the improvements in aircraft's total energy consump-
tion as propulsion systems are the biggest contributor to the overall ef ciency improve-
ment of an aircraft.

Hence, there is a need for disruptive innovation in propulsion technology in order to
meet the ACARE 2050 vision.

1.2. INTRODUCTION OF ZERO-CARBON FUELS

Even though the ef ciency of aircraft is increasing signi cantly, the increase in the num-
ber of passengers traveling in aircraft is increasing at higher rates. This leads to an abso-
lute increase in aircraft emissions. Hence, researchers have suggested using zero-carbon
fuels like hydrogen. One of the current trends in propulsion research is to use hydrogen
in the gas turbine just like kerosene.

Using hydrogen in the gas turbines will eliminate carbon and sulfur-related emis-
sions, because of the absence of carbon and sulfur in the fuel, but will still have other
emissions like NOXx, water vapors, etc. Also, the use of gas turbines for hydrogen will have
little impact on gas turbine ef ciency. The thermodynamic and propulsive ef ciency of
the engine will improve by a small margin due to the change in the speci ¢ heat capac-
ity of the ow, as a result of a change in the composition of the ow because of using
hydrogen as a fuel rather than kerosene, after the combustor. But the future scope of
improvement is still low because of the maturing of the gas turbine as explained in sec-
tion1.1.

Along with this, the combustion process in the combustion chamber is the largest
contributor to exergy loss [9]. Using gas turbines for hydrogen will still result in high
exergy destruction and hence lower ef ciency.

Therefore, it is bene cial to explore other technologies which may perform better
than gas turbines for fuels like hydrogen.

1.3. FUTURE PROPULSION CONCEPTS
As there is a need of disruptive innovation in propulsion technology, this section talks
about potential future propulsion concepts that are being investigated.

1.3.1. BATTERYPOWERED AIRCRAFT

Batteries have brought a big disruption in the automobile industry and are being re-
searched quite a lot for their application in general aviation. It has proved to be a more
ef cient and cleaner solution than engines using fossil fuel. Hence, multiple studies
have been done to evaluate its possibility for commercial aviation. One of the battery-
powered aircraft propulsion architectures by NASA has been shown in gure 1.2. The
propulsion system includes the battery which is an energy storage device, an electric
motor that converts electric energy into mechanical power, and the propeller which pro-
duces thrust. The electric power train is highly ef cient(more than 90% [10] because of
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the high ef ciency of motors (more than 96% [11]) and power converters (more than
99% [11]) but where this architecture lags is the energy density of batteries. The current
state of the art Li-ion battery has an energy density of 150-250 W-hr/kg [12] compared to
kerosene of approximately 12000 W-hr/kg, which makes the battery technology signi -
cantly heavier than the status quo.

Figure 1.2: Battery Powered Propulsion Architecture
[12]

1.3.2. PARALLEL-HYBRID PROPULSION SYSTEM

Another concept is to use a Parallel-hybrid architecture in which a battery is used to
aid the turbofan during high power requirement conditions like take-off and climb. As
shown in gure

Figure 1.3: Parallel-hybrid Propulsion Architecture
[12]

1.3.3. TURBO-ELECTRIC PROPULSION SYSTEM
The turbo-Electric propulsion system is a system in which a Gas Turbine(GT) provides
power to motors by converting mechanical power to electric power via a generator. The
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turbogenerator provides onboard power by using fossil fuels or hydrogen. Turbo-Electric
architecture facilitates the possibility of different aircraft con gurations as well as oper-
ating the gas turbine at its design point for most of the ight duration, which helps in
reducing the fuel burn.

Figure 1.4: Turbo-Electric Propulsion Architecture

[12]

NASA studied a concept named Single-Aisle Turbo-electric Aircraft With Aft Bound-
ary Layer(STARC-ABL) [13], shown in gure 1.5 which incorporated the futuristic tech-
nologies like Turbo-Electric propulsion, Distributed Propulsion(DP), and Boundary Layer
Ingestion(BLI). The aircraft has two jet engines which power the generator and hence run
the propeller. Along with this, a high bypass fan at the end of the tail is also incorporated
which is run by electricity generated by turbofan. The tail fan is based on the principle
of BLI in which the boundary layer of the fuselage is ingested in the fan which increases
the propulsive ef ciency of the propulsion system. The analysis of this state-of-the-art
futuristic aircraft found that the fuel burn reduction of between 7-12% when compared
to the Boeing 737-800 aircraft[13].

Even though the improvements are signi cant, there are many challenges as well.
One challenge of this con guration is the weight of the power train. The current electric
power train has a speci ¢ power of 2 kW/kg [14] which is substantially lower than a gas
turbine. Also, scaling the power train to a megawatts level reduces the speci ¢ power by
a factor of 4.5[14] because of the increase in rotor mechanical stress and magnetic shear
stress in the motor, which makes it much heavier.

1.3.4. COMPOSITE MATERIALS

The operating temperatures of GT have a big impact on its ef ciency. Based on the ther-
modynamics, the higher the Turbine Inlet Temperature(TIT) or the temperature of ow
gas after combustor, the higher the energy that can be extracted from the gas at a par-
ticular pressure[15]. This means that the core of the gas turbine can be made smaller
and the bypass ratio can be increased, hence, increasing the propulsive ef ciency of the
engine. More explanation has been given in the section6.
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Figure 1.5: NASA STARC-ABL Concept
[11]

Another advantage is the reduction in cooling air requirement. In order to increase
the temperature of the combustor ow, the combustor and turbine should be able to
continuously sustain that higher temperature so that more energy can be extracted from
the ow. Current materials used in combustors and turbines need active cooling as
they cannot sustain these high temperatures and this cooling air comes directly from
the high-pressure compressor. This means that a fraction of air compressed in the com-
pressor is used for cooling of turbines and combustor rather than being used in the com-
bustor. This reduces the overall engine ef ciency.

But using composite ceramic materials, which can sustain high temperatures and do
not need much active cooling, can be used in the combustor as well as in the turbine
and hence reduce the requirement of cooling. This will lead to higher ef ciency as a
large fraction of compressor air is put in the combustor, heated to the TIT, and is used to
extract the work. The use of composite materials in the combustor and turbine will allow
the combustor ow to be at a temperature of about 1950 K [16] by 2050 while reducing
the need for cooling air and hence, will help in fuel reduction of 4.25%][17] in the best
case scenario.

Along with this, increasing the combustor ow temperature would have a negative
impact on the emissions. To increase the temperature of combustor ow, more fuel per
kg of air will be injected into the combustor which could lead to an increase in high
localized temperature regions in the case of current fuel injectors. These high localized
temperature regions willthenincrease NOy asNOy is produced when the localized tem-
perature of a region inside the combustor increases above 1700 K. More explanation has
been given in section 9.2. Hence, increasing the combustor ow temperature may help
in reducing the fuel consumption which will lead to a reduction in CO, but willincrease
the NO4 emissions..



FUEL CELL

As discussed in section 1.3, an electric powertrain or a hybrid electric powertrain, even
though very ef cient at the vehicle level and have lower emissions, do have multiple
disadvantages when compared to a conventional kerosene powered aircraft. Table 2.1
gives an overview of the comparison between the four technologies explained above. It
should be noted that the battery-powered aircraft's propulsion system-speci c power is
not known. It depends on multiple different components like motor, AC-DC converters,
cooling systems, control systems etc. Also, for turbo-electric con guration, the speci ¢
power of only the electric powertrain is known.

Battery Turbo- electric with Composite
Powered Boundary Layer Ingestion Materials Fuel Cell
Aircraft yLay 9
Ef ciency
Improvement |1 5096 7-12% 4-5% 15-20%
(relative to
Airbus A-320)
Specic . .
- 0.68 kW/kg (electric Powertrain) >12 kWikg | >0.5 kWikg
Power
Emission 100% 7-12% 4-5% >20%
reduction
Noise Low High High Medium
TRL Low Low High Very Low

Table 2.1: Comparison of different propulsion technologies

[11][13][17]018]

A thorough explanation of shortcomings is given below:

1. Power and Energy Density:

Itis a very well-known fact that a battery has a very low

energy density and hence is unsuitable for commercial aviation. But along with
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a low energy density of the battery, the balance of the plant required for electric
propulsion is also quite heavy when compared to a kerosene propulsion system. A
thorough comparison is given below:-

» Fuel:- The battery in an electric aircraft is only equivalent to the kerosene in a
conventional aircraft and acts as a power source to run the motor. The state-
of-the-art Lithium-ion battery has an energy density of 0.72 MJ/kg [19] com-
pared to kerosene which has an energy density of approximately 45 MJ/kg
[20], hence 64 times lower. Multiple researches are going on in the domain of
battery technology and many new technologies are proposed like Lithium-
sulphur battery which has an energy density of 1.8 MJ/kg [21] and an Alu-
minium air battery which has a theoretical energy density of 29 MJ/kg [20].

But all these new technologies have a very low Technology Readiness Level(TRL)
and are still in the research stage.

» Machine:- The speci ¢ power of the machine used to convert the energy of
kerosene fuel into useful thrust, i.e. turbofan is nearly 10 kW/kg compared
to a state of the art aircraft grade motor which has the speci c power of 5.9
kWr/kg [22], without including the weight of the propeller. The latest report
from Siemens reveals that the motors with a speci ¢ power of 7.6 kW/Kg are
being tested [23].

» Auxiliary systems:- Electric aircraft need a power converter to convert the Di-
rect Current(DC) of the battery to Alternating Current(AC) and then again to
DC for the motor and a gearbox for high torque propellers. All these systems
add up to the weight of the system and hence increase the overall weight of
the battery-powered aircraft.

Due to the big challenges that electric and hybrid-electric aircraft bring, there is a need
to look at other technologies which can take advantage of a highly ef cient electric pow-
ertrain and complement its disadvantages. One such technology is fuel cells. Fuel cell
is an electrochemical cell that converts the chemical energy of a fuel into electricity and
heat by the process of chemical reactions. A fuel cell is shown in gure 2.1.

Advantages of the fuel cell are given below.

1. High Ef ciency:- fuel cell has an electrical ef ciency of 60%[24] and a total ef -
ciency of more than 85% [24] in the integrated system. Compared to a turbofan
which has an ef ciency between 40-45% or a turboprop which has a maximum
ef ciency of 50-55%, an increase of 33.3% and 10% from the best-case scenario of
turbofan and turboprop respectively only for electrical ef ciency perspective.

2. Lower Emissions:- As fuel cell works on the principle of oxidizing speci ¢ reac-
tants. For example, in the case of SOFC, where electrolyte-doped nickel is used
as an anode, only hydrogen and Carbon monoxide can be oxidized to steam and
carbon dioxide. This means that all other species like nitrogen, carbon dioxide, etc
will not be oxidized as the catalyst used is does not impact the reaction of these
species and the operating temperature of the fuel cell is not high enough hence,



these species will leave the fuel cell as they entered. Hence, the emissions from

a fuel cell are signi cantly low compared to a gas turbine as the combustion pro-

cess in a gas turbine also oxidizes nitrogento NOy. Fuel cells produce no NOy, no

sootand no SOy. For Carbon emissions, it is highly dependent on the fuel used. If

any hydrocarbon is used, then fuel cell will still release CO, and CO based on the
fuel utilization levels but it will still lower than a gas turbine because of the higher

ef ciency of the fuel cell.

3. Integrated systems:- Fuel cells, especially high-temperature fuel cells like Solid
Oxide fuel cell (SOFC) or Molten Carbonate fuel cell (MCFC) which operates at
high-temperature of 800-1300k and release byproducts which include unutilized
fuel, steam, and air. These byproducts contain high exergy which can be used di-
rectly in the gas turbine. Also, the pressure losses in the fuel cells are also of a simi-
lar order as of the combustion chamber which is approximately 5% [25], hence the
pressurized air used for fuel cell operation can be fed directly into the combustion
chamber. It should be noted that pressure losses in the piping systems and valves
have not been considered and hence, it is a possibility that there is a need of an
external compressor to compress the byproducts or the inlet of the fuel cell.

The concept of an integrated system is based upon the complementary nature of
two technologies. The high pressure and high-temperature air required by the fuel
cellis provided by the gas turbine, hence there is no need for external auxiliary sys-
tems to heat or pressurize the inlet air and fuel of SOFC. Afterward, the byproducts
of the fuel cell which include unutilized fuel, reaction products, and unutilized air,
are at high temperature, because of absorption of the heat generated due to losses
in the fuel cell, can be directly used inside the combustor. The unutilized fuel will
burn to provide heat and high-temperature air and other products will be part of
the combustor ow where they will heat up to the Turbine Inlet Temperature(TIT).
Hence, the losses, in the form of heat, of fuel cells is the fuel for gas turbine and the
removal of SOFC auxiliary system results in the system ef ciency of more than 85%
[24] along with the increase in speci ¢ power of fuel cell. A more detailed explana-
tion of the concept has been given in section 3.

4. Ef ciency dependency on power output:- Unlike gas turbines, whose ef ciency
is highly dependent on the size of gas turbines, fuel cells, to a higher extent, have
similar ef ciencies for both high power fuel cells as well as the low power fuel cells.
This is because of the fact that fuel cell stacks are built by individually connecting
the fuel cells together, just like a battery pack. If there is a need for more power,
more stacks are added. Although, there are some losses in the transportation of
power from cells to the AC-DC convertor the losses are low. Hence, fuel cell ef -
ciency does not depend signi cantly on the size of the fuel cells.

5. Lower Noise:- Fuel cells have almost no moving parts and the reactions inside the
fuel cell have much lower noise which results in substantially less noise than gas
turbines.

Disadvantages of fuel cell are given below:-
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1. Low Speci c Power:- Fuel cell have low speci ¢ power as can be seen from table
2.1. Compared to a gas turbine, the speci c power is approximately 24 times less
for the whole system. There are two reasons for this:-

» The rstreason is the use of an Auxiliary system. The fuel cell, especially PEM
and SOFC requires systems like cooling systems, compressors, heat exchang-
ers, and AC-DC converters to support the fuel cell. This increases the weight
of system substantially.

» The second reason is the different applications. The fuel cell has been used
for stationary applications. Hence weight is not a priority. But when fuel cell
has been researched for transportation like Toyota Mirai, the speci ¢ power
increased substantially to 2.035 kW/kg [26]. Similar results have been pub-
lished by NASA which developed a SOFC with a speci ¢ power of 2.5kW/kg
[27].

2. Slow Start-up time and transientresponse:-  The start-up time for fuel cells is very
high, especially for high-temperature fuel cells. This is because it takes a lot of time
and energy to heat the ceramic electrolyte and electrodes in the high-temperature
fuel cell. This impacts the start-up as well as the transient response of the vehicle.
According to Yamaguchi et al, the honeycomb structure SOFC can reach a heating
rate of up to 100 *C per minute [28]. Assuming this fuel cell, it will take more than
8-10 minutes to just start the fuel cell. At this heating rate, the transient response
would also be very slow.

3. TRL:-TRL level for PEM fuel cells or low-temperature fuel cells is high but for high-
temperature fuel cells for transportation is very low for the same reason as given in
point 1. Technology has recently become attractive from the perspective of trans-
portation.

As per the discussion above, all the technologies have their own advantages and dis-
advantages but the author believes that out of all technologies, fuel cell technology has
the most potential and the reason is as follows:

1. Firstreason is its ability to work as an integrated system which not only increases
the ef ciency of the system but also reduces emissions.

2. Second reason is the lack of research in this eld, especially for aerospace applica-
tions. Weight, slow response, and TRL are de nitely big constraints for the fuel cell
and researchers in past have disregarded the fuel cell technology based on their
performance in stationary applications. These stationary applications are purely
driven by cost and not on weight and other performance parameters. Both Toyota
and NASA have shown that if the technology is explored from the perspective of
transportation, there might be a substantial improvement in the technology.

3. Third reason is the parallel use of technology. The fuel cell-GT hybrid can be used
along with futuristic technologies like BLI, composite materials, battery-hybrid,
etc. The fuel cell will only aid the gas turbine and hence all other technologies can
still be used along with fuel cells.
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This is the reason that the author is convinced that a fuel cell-GT hybrid propulsion
system could be a potential technology alternative for future propulsion systems and
hence, is worth researching.

2.1. WORKING PRINCIPLE OF FUEL CELL
As mentioned in section 2, the fuel cell is an electrochemical cell that converts the chem-
ical energy of a fuel into electricity and heat by the process of chemical reactions. This

section will explain in detail the working principle of the fuel cell and as shown in gure
2.1.

Figure 2.1: Solid Oxide fuel cell working principle
[29]

Fuel cell consists of an anode, a cathode, an electrolyte, and many other supporting
parts like an interconnector, current collectors etc. A detailed explanation of each part is
given below. In a nutshell, how a fuel cell works is as follows.

The reducer and oxidizer are fed into the anode and cathode of the fuel cell respec-
tively. Then, the catalyst on each electrode converts the reducer and oxidizer into ions,
which then travel through the electrolyte to the other side to react and form water. De-
pending on the type of fuel cell, either the reducer ion or the oxidizer ion can transport
to the cathode or anode respectively. For example, in the case of SOFC, the oxidizer ion
travels through the electrolyte and reaches the anode where it reacts with the reducer
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ion to complete the reaction. When the reaction takes place, the energy released by the
reaction is converted to electrochemical potential and heat, hence electrical power is
produced.

A more detailed explanation for each process is given below. The following example
has used hydrogen as the fuel or reducer and oxygen as the oxidizer.

» Anode:- Anode of the fuel cell is used to reduce the reducer, in this case, hydro-
gento H A ion, and conduct the extra electrons and transport them to the cathode.
The hydrogen, in presence of an anode or catalyst, convertsto H A'jon as shown in
equation 2.1 and then travels on the anode to nd a Triple Phase Boundary(TPB)
as shown in gure 2.2. A TPB is a location where all the three components neces-
sary for the reaction to take place come together and the reaction takes place at
that location. In the case of the anode, the three components are anode (provides
HA ), electrolyte(provides 2% or oxidizer ion coming from the cathode), and a
current collector(which conducts electron to be transported to cathode), which in
this case is anode itself. When these three components meet at TPB, the reaction
2.3takes place.

| .
Hoi ™ 2HA A el 2.1)

Figure 2.2: Triple Phase Boundary
(30]

» Cathode:- Cathode of the fuel cell is used to oxidize the oxidizer, in this case, oxy-
gen to O? jon, using the electrons coming from the Anode as shown in equation
2.2. Similar to the anode, oxygen gas oxidizes at the cathode in the presence of a
TPB, which in the case of the cathode, consists of the cathode(provides electrons),
oxygen(oxidizer), and electrolyte(which conducts 02 ).
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catalyst

%ozAzei if o? (2.2)

 Electrolyte:- Electrolyte of the fuel cell is used to transport ions either from An-
ode to cathode or from cathode to anode depending on the type of fuel cell used.
In gure 2.1, a SOFC is used, and hence an O? ion is transported from cathode
to anode through the electrolyte. The mechanism through which ions are trans-
ported in electrolytes is by bonding with the molecules of the electrolyte. The O3
ion bonds with the electrolyte Yittria based Zirconia (YSZ) and travels through the
electrolyte and reaches the anode.

« Interconnector:- Interconnector is used to conduct electrons from the anode and
transport it to the cathode while also providing the mechanical and structural
strength to the fuel cell.

The nal fuel cell reaction becomes

1
HZAEOZi H,0 A Energy (2.3)

2.2. FUEL CELL PERFORMANCE

This section explains fuel cell thermodynamics and how to evaluate the performance of
fuel cell. The fuel cell delivers a voltage at particular operating conditions like temper-
ature, pressure, fuel utilization, current density, etc. The voltage depends on these con-
ditions as well as the inherent losses that emerge inside the fuel cell. Because of these
losses, the fuel cell does not deliver the maximum voltage or the ideal voltage and hence
the fuel cell voltage ( V; c) is less than the maximum achievable voltage, Voc. Equation
2.4[31] gives the formula to calculate the fuel cell voltage.

Vic AVoci Vacti Vohm i Veone (2.4)

where Vs ¢ = fuel cell Voltage, V
Voc= Open Circuit voltage, V
Vact = Activation Losses, V
Vohm = Ohmoic Losses, V
Vconc= Concentration losses, V

It is important to understand these losses because it helps in understanding the
working of different types of fuel cells and their characteristics. The upcoming sections
explain in detail the open-circuit voltage and each loss that impact the fuel cell.

2.2.1. OPEN CIRCUIT VOLTAGE (Vg¢)

Open circuit voltage or V. is the maximum achievable voltage by a fuel cell at a partic-
ular temperature and pressure. This voltage is dependent on the fuel cell temperature
and pressure as well as the concentration of reactants and products inside the fuel cell.
The open-circuit voltage is derived from the Nernst equation which is represented by
equation 2.5
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Voo AVrev A(SL)In @5)
zF
where V,qy is the Electromotive Force (EMF) or the reversible voltage at standard
pressure and temperature.
R= Universal Gas Constant, JKi 1. mol i 1
T= Operating Temperature of fuel cell, K
z= Number of electrons transferred for each molecule of fuel
F= Faraday Constant, C.mol i !
a, = activity of reactant
ap = activity of product
n= number of moles reacted per mole of fuel

The EMF or V,ey, Which is the voltage at standard pressure and temperature, is de-
rived from the Gibbs Free energy and is calculated using equation 2.6 .

Viev Ej—= 2.6
rev IZF ( )

where ¢ g is the change in Gibbs Free Energy.

Change in Gibbs Free Energy (¢ g) is the maximum available energy of a reaction at a
particular temperature. This means that if a reaction takes place at a speci c tempera-
ture, the maximum usable energy which can be used for work is the change in gibbs free
energy. For EMF, ¢ g is the maximum available energy at the standard temperature. The
¢ g is derived by the equation 2.7.

¢gAthi T¢S 2.7)

where ¢ h is the change in enthalpy and ¢ Sis the change in entropy. To understand the
EMF, let's take the example of reaction

The z for reaction 2.3 is 2 as it transfers 2 electrons for one molecule of H» oxidized.
The Faraday constant is a constant which has a value of 96485 C/mol. Hence, the cal-
culated EMF is 1.225 V. Another example of EMF for a cell operating at 800 *C (High-
temperature fuel cell) would be 0.98 V.

The activity a of reactant( a,) or a product( ap) is de ned by the equation 2.8.

P.
a /EP—'i (2.8)
Where P; = Pressure of the reactant or product
P*= Standard Pressure
Using equation 2.5 and equation 2.8 for the reaction
Ph,y,Po, 1
RT.. (F2)(F#)2
Voc /‘EVrevA(E)m(T) (2.9)
pt

As standard pressure, P* is 1 bar, the pressure of reactants and products can be de-
scribed like
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Py, AE+P (2.10)
Po, £ P (2.11)
Ph,0 A° P (2.12)

where P is the operating pressure of the system and +, and ° are the constants for
molar concentrations of reactants and products. The V,c becomes

_1
+ 2

RT RT
Voc AVrev A (==)In( S YA (=—)In(P) (2.13)
zF 2zF
For example, if a low-temperature fuel cell and a high temperature are operating at
80F and 800*C respectively but at a similar pressure of 20 bar, then the Open Circuit Volt-
age according to equation 2.13 would be 1.247 V and 1.049 V, respectively. This means
that this voltage is the maximum voltage the fuel cell can achieve in the ideal case when

there are no losses inside the fuel cell for their respective operating conditions.

2.2.2. ACTIVATION LOSSES(Vact)

Activation Losses correspond to the losses during the activation of the reaction. In order
for the reaction to take place, a minimum amount of energy needs to be provided to the
reactants so that they can cross the energy barrier and form products. This energy is
called the Activation energy and is shown in gure 2.3. The energy requirement starts to
increase as the reaction moves forward and this energy is supplied by the surroundings
to the reactants. Once, enough energy is provided such that the energy barrier can be
crossed, the reaction moves forward and forms products. If the reaction is exothermic,
as in the case of reaction 2.3, more energy will be released than reactants consumed from
the surroundings.

The activation energy consumed by the reactants comes from the surroundings or in
this case, from the fuel cell. The part of the energy which is supposed to be used for cre-
ating the potential is being used to cross the energy barriers by the reactants. This leads
to a loss in voltage and is hence called the Activation loss or Activation Over potential.
Equation 2.14 [31] provides the relation to calculate the activation loss.

Vact ZAsinhi l(i'—) (2.14)

.
where Ais a constant, i is the operating current density, and the |+ is the exchange current
density.
RT
20F
where ®is the charge transfer coef cient.

The exchange current density( 1.) is the current density when the reaction is at equi-
librium. During equilibrium, the rate of exchange of current does not go to zero, which
means that the reaction is still taking place but the rate of forwarding and backward re-
action is the same. When a reaction moves forward, it means that the rate of exchange
current is more for the forward direction than the backward reaction but at equilibrium,
these rates are the same.

(2.15)
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Figure 2.3: Energy vs Reaction path
(32]

The exchange current density depends on the temperature and the type of catalyst
used for the reaction. Both temperature and catalyst increase the exchange current den-
sity which reduces the activation energy required to cross the energy barrier and hence
reduces the activation losses. As can be seen from gure2.3, the use of catalyst has re-
duced the activation energy.

Figure 2.4 shows the behavior of cell voltage when the current density is increased.
The sudden dip in the voltage as the cell starts to deliver the current (at the current den-
sity of 1-30 mA cmi ?) is because of the activation losses. Activation losses are dominant
in the low current density region as other losses are negligible.

2.2.3. OHMIC LOSSES(Vohm)

Ohmiclosses (Vohm ) are the losses that are due to the resistance to moving charges inside
the fuel cell. As explained in section 2.1, the electrons transfer from the anode to the
cathode via current collectors, and oxygen ions travel from cathode to anode via the
electrolyte. This movement of charges experiences the resistance through the medium
in which they travel which leads to loss of potential. This potential loss is called the
ohmic loss or Vonm and is being represented in equation 2.16 [31]

Vonm Z&i (ReARa ARcARE) (2.16)

where i= current density; A/cm?

R.= Area speci ¢ Resistance of Cathode; ohm/ cm?

Ra= Area speci ¢ Resistance of Anode; ohm/cm?

Rcc= Area speci ¢ Resistance of Current Collector; ohm/ cm?
Re= Area speci ¢ Resistance of Electrolyte; ohm/cm?
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Figure 2.4: Voltage vs Current density for a typical fuel cell
[31]

Figure 2.4 shows that as the current density increases, the voltage drop is linear and
this voltage drop is because of the ohmic losses. An increase in current density increases
the movement of electrons and ions in the fuel cell and makes Ohmic losses as the dom-
inant losses.

The temperature has a direct impact on the ohmic losses. The electronic conduc-
tivity decreases as temperature increases because the resistivity of metal increases with
temperature. The vibrations of molecules in the metal increase with temperature which
restricts the movement of electrons and hence, increases the resistivity. But the ionic
conductivity increases with temperature as ions are transported through the electrolyte
using the chemical reactions. So, with temperature, the rate of reaction increases which
increases conductivity.

The effect of ionic conductivity is much higher than electronic conductivity because
of the size of the ions. The size of 0% is higher which leads to higher ohmic losses
than the movement of electrons. Hence, even though, the electronic conductivity de-
creases with increasing temperature, the ionic conductivity increases, and hence, the
overall ohmic losses decreases.

2.2.4. CONCENTRATION LOSSES(Vconc)

Concentration losses are the losses that happen when maximum diffusion rates of gases
reach the electrodes. As explained in section 2.1, the reaction at anode and cathode hap-
pens at a geometrical location called TPBs. The reactants (both Hj and O,) reach the
TPB by the process of diffusion. As the demand for current increases, more and more
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reactants need to diffuse to electrodes so that a more number of reactions can take place
and more current is produced. But when the maximum diffusion rate is reached and
no more reactants can be supplied to electrodes, the concentration of reactants signi -
cantly decreases near the electrodes. At the same time, due to an increase in a number
of reactions, the concentration of products increases near the electrodes. This mismatch
in concentration leads to the reversal of reaction 2.3 and is shown in reaction 2.17.

1
H,0 H2A§OZ (2.17)

Due to an increase in the concentration of H2O near the anode, the reaction shifts
backward and hence starts to form H, and O,. Reaction 2.17 is an endothermic reac-
tion, which means that it takes energy from the surroundings in order to move forward.
Hence, the energy released by reaction 2.3 to create a potential is being used to form the
H, and O,. This leads to a loss of potential which is called the concentration losses or
Vconc- Reaction 2.18 shows the equation to calculate the concentration loss and reac-
tions 2.19, 2.20 and 2.21 shows the partial pressure at the anode and cathode for speci c
species.

RT  Ph,otpb @ PH, A RTI Po,

Veone £—In ALl (2.18)
M TNE T Pryipb BP0 NF Poyipb
where
RTéan .
P APHoi i 2.19
Hatob AEPH21 T (2.19)
RTéan .
P AP0 A [ 2.20
Hz0tpb AEPH20 A TR (2.20)
. . RT¢ca .
Po,tph AP i (Pi PHZ)DeXp(—ZnFD DP)I (2.21)
ca

Figure 2.4 shows the dominant concentration losses at current densities above 750
mA/ cm?. The exponential dip in the voltage is due to the concentration losses which
became dominant at higher current densities.

Both temperature and pressure have a signi cantimpact on the concentration losses.
The temperature has two effects on concentration losses. First, an increase in tempera-
ture increases the diffusion rate which decreases concentration loss. Second, an increase
in temperature increases the rate of reaction 2.17which means that the concentration
loss will increase. Hence, an increase in temperature has both positive and negative im-
pacts.

An increase in the operating pressure of fuel cell has a positive impact on concentra-
tion loss. An increase in pressure increases the absolute amount of reactants in the fuel
and air channel. This leads to higher diffusion rates for both the reactants and hence
decreases the concentration loss.
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2.2.5. OTHER LOSSES

There are other small losses as well which are due to the practical operation of the fuel
cell. One of them is the fuel crossover where fuel reaches the cathode and reacts with
oxygen to form water via the combustion process which is a loss as this does not con-
tribute to the electrical energy and just produces heat inside the fuel cell.

Anotherlossis due to the temperature gradients. Fuel cells, especially High-Temperature
fuel cells have high-temperature gradients which lead to higher ohmic losses at anode,
cathode, and current collectors.

But all these losses are fairly small compared to the three losses mentioned above
and are usually negligible and hence are not considered for zero-dimensional and one-
dimensional models.

2.2.6. FUEL CELL EFFICIENCY

The ef ciency of the fuel cell is de ned as the ratio of electrical power delivered by the
fuel cell and the amount of fuel consumed by the fuel cell. Equation 2.22 shows the
fuel cell ef ciency and equation 2.23 shows the equation to calculate the total current
delivered by the fuel cell. The current delivered is directly proportional to the moles of
hydrogen consumed.

‘ Vel 2.22)
fuelcell UfmchHVf .
| fEznF (2.23)

where I= current produced by one cell, A
U ¢ = fuel utilization of cell
m ¢ .= mass of fuel supplied to one cell, kg/s
LHV; = lower heat value of fuel, j/kg
z=number of moles of hydrogen consumed

2.2.7. EFFECT OF PRESSURE AND TEMPERATURE ON FUEL CELL
Sub sections 2.2.2, 2.2.3 and 2.2.4 explain the effects of pressure and temperature on
each loss. This section will explain these effects with some examples.

Joshua et al [33] developed a zero-dimensional SOFC model for a NASA research
study and compared the result with the experimental data. The fuel cell delivered the
power of 186 kW and used methane as the fuel. Figure 2.5 shows the effect of oper-
ating pressure on the fuel cell voltage for increasing current density. The gure shows
the comparison between experimental data and the results from the zero-dimensional
model developed. It can be seen for the reference case of 1 atm that it complements the
different losses that have been explained in previous sections. The graph does not show
clearly the effect of activation losses as the data for low current density where activation
losses are dominant is not shown. But for higher current densities, the voltage decreases
because of an increase in ohmic losses, and above the current density of 0.5 A/cm?, the
voltage starts to decrease non-linearly, which is the result of higher concentration losses.
But for higher pressures, the voltage increased. First because of the increase in V¢ as
shown in equation 2.13. This increase in V¢ shifts the whole curve up and increases



20 CHAPTER 2. FUEL CELL

Figure 2.5: Voltage vs Current density for different operating pressures
[33]

the cell voltage for all current densities. As the current density is increased, there is no
change in the ohmic losses as pressure has no effect on the resistivity of the charge car-
riers. The slope of the curves is the same despite different pressures, which proves this
point. But at the current densities above 0.5 A/ cm?2, unlike for the case of 1 atm, at higher
pressures, the curve did not become nonlinear, which means the effect of concentration
loss did not become dominant. This is because the increase in pressure increases the
absolute number of molecules in the channel. As the TPBs are constant and the number
of molecules has increased, it is comparatively easy for molecules to nd a TPB, hence
increasing the diffusion rates as explained in subsection 2.2.4.

Figure 2.6 shows the effect of operating temperature on the fuel cell voltage for in-
creasing current density. The reference temperature is 650 *C and the voltage is decreas-
ing as the current density is increases. With the increase in temperature, rst, the ac-
tivation losses have decreased as explained in section 2.2.2. The slope of the curves is
decreasing as the temperature is increases at lower current densities. This decrease in
slope is also true as current density is increased(in the ohmic loss dominant region) and
this is because of the increase in conductivity of ions in electrolytes as explained in sec-
tion 2.2.3.

Joshua et al analysis of the 186 kW system found that the fuel cell electrical ef ciency
of 64.9% at an operating temperature of 900 *C and the pressure of 4.5 bar. The activa-
tion, ohmic and concentration losses consist of 4.05%, 81.75%, and 13.4% of the losses,
respectively, which proves that the biggest contribution to loss is ohmic loss. Hence,
an increase in temperature would be more bene cial. But as mentioned earlier, the
losses highly depend upon the properties of the electrode and electrolyte as well. In
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Figure 2.6: Voltage vs Current density for different operating temperatures
[33]

some cases, activation losses could be most dominant because of the catalyst used in
the fuel cell.

Cadou et al [35] found similar results in which increasing the temperature from 700 *C
to 800*C improved the system by 27% and increased the pressure from 1 atm to 10 atm
improved the system by 30%.

Seidler et al[34] did an experimental analysis of a pressurized SOFC setup at the Ger-
man Aerospace Center(DLR). The study showed the effect of pressure and temperature
on different losses of the fuel cell. Figure 2.7 shows the contribution of different losses
in the fuel cell. The losses due to the transportation of ions in the electrolyte are shown
in black, the cathode concentration and activation losses are shown in red and green re-
spectively and the activation and concentration losses of the anode are shown in light
and dark blue respectively. One thing that should be noted is that the ohmic losses in
electrodes are included in the concentration and activation loss of the electrode. Also, it
should be noted that the fuel cell is anode supported fuel cell, which means that anode
is multiple times thicker than the cathode and hence have higher losses which can be
seenin gure 2.7.
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Figure 2.7: Contribution of different losses in the fuel cell operation
[34]

Figure 2.8: Losses vs Pressure

[34]

The gure 2.8 shows the variation of different losses due to changes in pressure. As
predicted, both activation and concentration loss decrease with an increase in pressure
and it is clear from the anode losses. The same is true for the cathode as well but the
change is small because the cathode activation and concentration losses are small due to
the smaller size of the cathode. Also, the electrolyte ohmic losses are constant as pressure
has no impact on ohmic losses.
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Figure 2.9: Losses vs pressure at different temperature

[34]

Figure 2.9 shows the variation of different losses due to changes in pressure at dif-
ferent temperatures. It can be clearly seen that the activation losses reduce signi cantly
even with a small increase in temperature. Also, the ohmic losses of the electrolyte de-
crease as well but the concentration losses of both anode and cathode increase. This is
because the reaction starts to reverse when maximum diffusion rates have been achieved
and energy is being extracted from the environment rather than inserted in the environ-
ment. So increase in temperature increase the rate of reverse reaction as it reduces the
energy barrier, explained in subsection 2.2.2, for the reverse reaction, hence increasing
the losses.

2.2.8. EFFECT OFFUEL UTILIZATION

This section talks about the effect of fuel utilization ( U¢) on fuel cell ef ciency. Fuel
utilization refers to the ratio of the fuel that has been consumed by the fuel cell and the
fuel which has been fed to the fuel cell. The fuel cell does not consume all the fuel that
has been fed because it leads to the decrease in Nernst voltage as per equation 2.5. The
concentration of the fuel reduces signi cantly which leads the reaction 2.3to go in the
backward direction.

Another reason is the increase in concentration loss. As concentration is a physical
phenomenon and depends on the diffusion of the fuel, reduction in fuel concentration
will increase the loss as explained in section 2.2.4 and hence, reduce the cell voltage, V.
Figure 2.10 shows the effect of increasing fuel utilization on the ef ciency of the fuel cell.
Initially, when the fuel utilization is increased, more current is produced by the fuel cell
as more fuel is being consumed. An increase in current increases the power produced
and increases the numerator in equation 2.22 and hence, the ef ciency.

But if the fuel utilization is increased more than 0.85, then the ef ciency starts to
decrease and this is because of the reduction in cell voltage. The increase in current is
not able to complement the decrease in cell voltage and hence the total ef ciency tends
to decrease. This means that there is a need to optimize for the best fuel utilization for a
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speci c fuel cell operating condition.

Figure 2.10: Fuel Utilization vs Ef ciency

[36]

2.3. DIFFERENT TYPES OF FUEL CELL
The working principle of fuel cell is discussed in section 2.1 but there are different types
of fuel cells each of which has its own advantages and disadvantages. Tables 2.2, 2.3 and
2.4 gives an extensive insight into different fuel cell technologies and their advantages

and disadvantages.

fuel cell Anode Cathode Electrolyte
Proton Exchange
Membrane Fuel Platinum Platinum Na on
Cell (PEMFC)
High Temperature
Proton Exchange Phosphoric Acid
Membrane (HTPEMFC)
Lanthanum Strontium Yttria Stabilized
Solid Oxide YSZ doped Ni Manganite(LSM) or Zirconia (YSZ) or
fuel cell (SOFC) CeO2 doped Ni | Lanthanum Thynacite Gadolinium Oxide
(LSCN) doped Cerium Oxide

Molten Carbonate
fuel cell (MCFC)

Nickel

Nickel Oxide (NiO)

Molten Lithium,
Sodium or Potassium
Carbonate

Table 2.2: Comparison of different fuel cells (Part A)
[31][37] [38] [39] [18] [40]
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fuel cell Teorr? e::;?u%e Ef ciency Speci ¢ Power
Pe - % KWikg
Proton Exchange 40-60 1.2 (Stack)
Membrane Fuel 70-80 electrical 0.7 (System)
Cell (PEMFC) Sy
High Temperature 38-49
Proton Exchange 140-180 electrical 1
Membrane (HTPEMFC)
. . . 0.5(Stack)
:Jcc)elll?:gl)lx (IgZFC) 500-1000 8650|E12Ctrrz;(t::<lj 0.277(System)
9 2.5(NASA)
Molten Carbonate 50 electrical
fuel cell (MCFC) 600-700 75 Integrated

Table 2.3: Comparison of different fuel cells (Part B)
[31][37]1[38]1[39] [18] [40]
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fuel cell

Advantages

Disadvantages

Proton Exchange
Membrane Fuel
Cell (PEMFC)

1) High Power Density
2) High Speci c Power
3) High TRL

4) Faster Start-up

1) High sensitivity to Sulphur
and other impurities

2) Very low temperature
operation range

3) Requires robust

cooling system

4) Requires humid electrolyte.

High Temperature
Proton Exchange

1) High Power Density
2) High Speci c Power

1) High sensitivity to Sulphur
and other impurities

2) Low temperature
operation range

fuel cell (SOFC)

gas turbine cycles
4)High TRL than MCFC
5) High resistance

to sulphur poisoning

Membrane (HTPEMFC) 3) Faster Start-up 3) Requires robust
cooling system
4) Low TRL.
1) High Ef ciency
especially in integrated
system 1) Low Speci ¢ Power due
. . 2) Fuel Flexibility to auxiliary systems
Solid Oxide 3) Suitable for hybrid 2)High temperature corrosion

3) Long Start-up
4) Slow Transient Response

Molten Carbonate
fuel cell (MCFC)

1) High Ef ciency
especially in integrated
system

2)Fuel Flexibility
3)Suitable for hybrid
gas turbine cycles

1) Low resistance to
sulphur poisoning

2) Low speci ¢ Power

3) Long Start-up

4) High temperature
corrosion

5) High Thermal Stresses

Table 2.4: Comparison of different fuel cells (Part C)

[31][37]1[38] [39] [18] [40]

2.3.1. Low TEMPERATURE FUEL CELLTFC)

As the name describes, the LTFC operates at low-temperature range of 70 * to 200*C.
Even though with similar temperature ranges, the fuel cells operate with different mate-
rials and different chemical reactions. Different type of LTFC are given below.

2.3.2. PROTON EXCHANGE M EMBRANE FUEL CELL(PEM FC)
Proton Exchange Membrane or PEM as the name suggests is a type of fuel cell in which
the proton or H Ajon (if hydrogen is considered as a fuel) travels from anode to cathode
and reacts with oxygen at TPB on the cathode side.

The working principle is similar to what has been explained in section 2.1. The H»>
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enters the fuel channel and in presence of the catalyst, usually, platinum convertsto  H A
ion and gets adsorbed on the catalyst. The electrolyte membrane of the PEM is called
Na on and uses water as the electrolyte medium to transport ions from one side to an-
other. The H A, in the presence of TPB, reacts with the water in the Na on to form H30A
ion or Hydronium as shown in reaction 2.24. This Hydronium ion transport the HA jon
from anode to cathode where the nal reaction 2.3 takes place.

catalyst

H,OAHA Hz0* (2.24)

PEM is one of the most researched and applicable fuel cell present in the market. It
has applications not only in energy conversion units but also in automobiles. This is be-
cause of its high power density, high speci c power, high technology readiness level and
high ef ciency of up to 60% for H, and 40% for reformed or hydrocarbon fuel. Another
advantage of PEM is its high Gibbs Free Energy. According to equation 2.7, as fuel cell
operates near to the standard temperature, the Gibbs Free Energy is high and hence, a
high open-circuit voltage 2.5. This means the losses due to entropy are less compared to
high-temperature fuel cell.

Disadvantages of PEMFC:-

» Low-Temperature Range:- As mentioned in table 2.3, PEM works in the range of
70%-80*C. This is because it uses water as an electrolyte which gets converted to
steam at temperatures above 100 *C. Hence, if the temperature goes near to 100 *C,
water in the Na on will convert to steam which will reduce the conductivity of the
electrolyte as explained above. So, an average temperature range of 70 *-80*C is
ideal for PEMFC. This is the reason that PEMFC requires a robust cooling system
because even a small deviation in temperature can lead to drastic changes in fuel
cell performance. This cooling system also reduces the ef ciency of the fuel cell as
itis being run by the fuel cell.

« ConstantHumidi cation:-  Due to the requirement of water for fuel cell operation,
there is a need for constant humidi cation in the cell. Even though the average
temperature of the fuel is less than 100 *C, the local temperature of some regions
is quite high which leads to the formation of steam and hence, reduction of water
in Na on. Hence, constant humidi cation is required and water is being provided
along with the fuel.

» Higher Losses :- As the temperature has a signi cant impact on the losses of the
fuel cell, all the three losses, Activation, Concentration, and Ohmic, will increase
as explained in section 2.2. So, even though the open circuit voltage is higher for
the PEM, the system ef ciency is lower than the High-Temperature fuel cells, es-
pecially in the case of reformed fuels.

» Sulphur and Carbon Poisoning:- Noble metals are used as electrodes in PEMFC
because the activation energy of the reaction is very high at the lower operating
temperature, these metals are susceptible to poisoning even if a small amount of
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sulfur or carbon or other impurities is present in the fuel, it reacts with the elec-
trode and forms a layer which reduces the amount of TPBs and hence, reduce the
activity and affect the Cell Performance.

2.3.3. HIGH TEMPERATUREPROTON EXCHANGE M EMBRANE FUEL CELL(HT-

PEM FC)
High-Temperature Proton Exchange Membrane fuel cell is PEM fuel cell that operates at
a higher temperatures. Unlike PEM which uses Na on as an electrolyte and needs con-
stant humidi cation, HTPEM fuel cell has phosphoric acid and hence can go to higher
temperatures of up to 200 *C [38]. This fuel cell is still in its preliminary stage of devel-
opment and the company(HyPoint) which is developing this fuel cell, has claimed that
this fuel cell will have signi cantly higher speci ¢ stack power of 2.5 kW/kg [38] because
of using a smaller balance of plant due to not so strict cooling requirements. But the
cooling requirements are still there and hence, the electrical ef ciency is still lower than
PEMFC and high-temperature fuel cells.

2.3.4. HIGH TEMPERATURE FUEL CEL(HTFC)

High Temperature fuel cells are the fuel cells that operate in the temperature range of
500" to 1000*C. Due to its high temperature, the losses of the fuel cell are signi cantly
low when compared to LTFC. But at the same time, the open-circuit voltage of HTFC is
lower due to lower Gibbs Free energy

2.3.5. SOLID OXIDE FUEL CELL(SOFC)
SOFC operates in the temperature range of 500 * to 1000*C [18]and has a solid electrolyte
made of ceramic as the name suggests. The electrolyte is doped with ceramic because
ceramic has high temperature sustenance. The porous solid electrolyte is doped with ei-
ther Yttria Stabilized Zirconia(YSZ) or Gadolinium Oxide doped Cerium Oxide( GdCeQ)
which conducts the 02 ions from cathode to anode as explained in section 2.1. SOFC is
among one of the highest ef ciency fuel cells with 60% electrical and 85% in integrated
systems [24] and hence is being researched for big power units among the high temper-
ature fuel cells.

Advantages of SOFC are given below:-

* Fuel Flexibility:- SOFC has the highest fuel exibility which means a large variety
of fuels can be used in the fuel cell. In LTFC, due to higher activation energy, no-
ble metals are required but it is not the case in the HTFC. Abundant metals like
Nickel doped with electrolyte works well and hence HTFC is less prone to Sulphur
poisoning and impurities. Because of this, multiple fuels can be used including
hydrocarbons and Ammonia.

» High Exergy Heat:- One of the big advantages of SOFC or HTFC, in general, is
the high exergy heat that they release via byproducts of anode and cathode. Due
to the high operating temperature, the heat that comes out of fuel cell is of high
exergy which can be further used either for heating the fuel, reforming the process
of the hydrocarbon fuel or can be expanded in the turbine to increase the overall
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ef ciency in an integrated system. This is one of the reasons that SOFC is the rst
choice for integrated systems and works very well with gas turbines in a hybrid
set-up. This is also the reason that HTFC has higher ef ciency for reformed fuel.

» High Temperature Range:- The SOFC has a wide operating range unlike LTFC be-
cause of the ceramic electrolyte as they can sustain higher temperature uctua-
tions. The temperature uctuation in the SOFC can go up to 200 K compared to
15-20Kin PEMFC and 40 Kin HTPEMFC. This means there is no need for a sophis-
ticated external cooling system like a liquid cooling system. The air which acts as
an oxidizer can also act as a coolant for fuel cell, which also increases system ef -
ciency.

Disadvantages of SOFC are given below:-

» Speci c Power:- The speci c power of SOFC is signi cantly lower than the PEMFC
and has three reasons. First, the SOFC needs a balance of plant-like reformer,
desulfurized, heat exchangers, etc which increases the system weight and volume.
Second, as the temperature of the system is high, the stresses inside the fuel cell
are high and hence it needs a strong structure that increases system weight. Third,
the system has always been researched from the perspective of a stationary sys-
tem in which system-speci ¢ power is not a constraint. But NASA has developed
a SOFC speci cally for Aerospace applications and has been able to achieve a spe-
ci ¢ power of 2.5 kW/kg and Volumetric Power Density of 7.5 KW/L, which is 5
times and 8 times higher than the commercial SOFC respectively[27].

« High Temperature Corrosion:- Due to high temperature, the materials used inside
the fuel cell are more prone to chemical attacks. Hence, regular maintenance is
required for the fuel cell.

* Thermal Stresses:- The temperature inside the fuel cell along the fuel channel
varies signi cantly. For example, near the entry of the fuel cell, the concentra-
tion of fuel is high and hence a bulk reaction is taking place at the beginning of the
fuel cell. This leads to a release of a lot of heat and hence high temperatures at the
beginning of fuel cell. But as the concentration of fuel reduces along the channel,
the number of reactions reduces,s and hence the end of fuel channel is at a rela-
tively less temperature. The temperature difference between the start and end of
fuel cell could be as high as 200 K. These large temperature gradients lead to more
stresses inside the fuel cells.

Another reason for thermal stresses is the difference in Thermal Expansion Coef-
cients(TEC) of different sub-components like electrodes, interconnectors, elec-
trolytes etc. One of the reasons that electrolyte is doped with the electrode, along
with the increase in TPB, is to reduce the TEC difference between electrode and
electrolyte.

Long-Startup Time:- As SOFC operates at a higher temperature, it takes longer to
start a SOFC as the temperature of the fuel cells needs to reach at least 500 *C so
that the reaction starts inside fuel cell.
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* Transient Response:- As the electrolyte and electrode in SOFC are made of ce-
ramic so that it can sustain high temperatures, it has a negative impact as well.
When the demand for current is rapidly increased, there is a need to increase the
current density which can be attained by increasing the operating temperature of
fuel cell. Increasing the temperature will increase the diffusion rate and hence the
increase in access of TPBs by H, and O, which will increase the current density.
Also, increasing the temperature will reduce the losses inside fuel cell which will
increase the voltage and hence the power delivered. But as ceramic has high re-
sistance to temperature, the increase in temperature is slow as well. Hence, the
transient response of SOFC is slow.

2.3.6. MOLTEN CARBONATE FUEL CEL(MCFC)

Molten Carbonate fuel cell operates within the temperature range of 600 * to 700* [18].
MCFC is similar to SOFC but the electrolyte is either molten Lithium, Sodium, or Potta-
sium carbonate. The reaction for the MCFC Anode and cathode is given in reaction 2.25
and reaction 2.26 respectively.

MCFC has all the advantages that SOFC offers except the lower ef ciency it offers as well
as the lower resistance to sulfur poisoning and other impurities. This is because MCFC
uses molten carbonate which is more susceptible to sulfur poisoning.

H,0ACOs2 "™ H,0ACO,A 26 (2.25)
1 . .
50,Ac0;A2¢ §2Y 0,2 (2.26)

The ef ciency of MCFC is 50% electrical and up to 75% for integrated systems[18]. This
is due to higher losses in the electrolyte and relatively low temperature than SOFC which
lead to higher activation energy and higher area speci c resistance.

2.3.7. SELECTION OF FUEL CELL

The characteristics of multiple fuel cells have been explained in section 2.3.1 and section
2.3.4 butin order to integrate fuel cell with the jet engines, there is a need to understand
the advantages and disadvantages of different fuel cell types and how to complement
their disadvantages with minimum addition of complexity and weight while maintaining
the reliability of the system. Following are the parameters on which the selection of fuel
cell is based.

+ Efciency:- One of the main reasons to use the fuel cell is the ef ciency it offers.
When it comes only to electrical ef ciency, both PEM and SOFC have similar ef -
ciencies and there is no favorite. But in an integrated, SOFC performs much better
because of the reasons given in2.3.4. Both HT PEM and MCFC have lower ef cien-
cies and hence in terms of ef ciency, SOFCis a better choice.

» Speci c Power:- In speci c power, LTFC is signi cantly better than HTFC. Espe-
cially the HTPEM which comes under the category of state of the art fuel cell tech-
nology. But on the other hand, NASAs Bi-Electrode fuel cell promises 2.5 kW/kg
whichis vetimes the current commercially available SOFC. ButHTPEM has tested
results available and hence HTPEM is a clear winner.
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» Balance of Plant :- All fuel cells need some basic balance of plant-like power con-
verters, batteries, and control systems but other auxiliary systems depend com-
pletely on the type of fuel cell. For example, LTFC requires a robust cooling sys-
tem, desulfurizer and reformer which increases the system weight and decreases
the overall ef ciency but still has higher speci ¢ power than HTFC. HTFC requires
auxiliary systems like heat exchangers, insulation, turbine, heat pumps, etc which
increases weight but also increases ef ciency. Hence, it completely depends on
the type of application needed.

But it should also be understood that in an integrated system, some of the balance
of plant requirements for SOFC like compressor, heat exchangers, etc are already
present in the propulsion system. Hence, the balance of plant requirements for
SOFC will reduce compared to PEM. This will also increase ef ciency as extra en-
ergy is not needed to drive these systems. Hence, SOFC may be better but the
calculation has to be done.

» Sensitivity to Temperature Fluctuation:- Sensitivity to temperature uctuation is
an issue in a gas turbine integrated fuel cell because the temperature of a gas tur-
bine varies based on the conditions in which it is operating. For example, during
take-off, climb, or transient high power conditions, the temperature variations are
high in compressors of gas turbines, and in an integrated fuel cell gas turbine hy-
brid system, it may lead to large and abrupt temperature variations in the inlet of
fuel cells as air at the cathode is coming from the compressor of the gas turbine.
LTFC has a very high sensitivity to temperature as explained in section 2.3.1 and
even after using a robust cooling system, may have a bad impact on fuel cell per-
formance. Also, in the conditions of failure of cooling systems, the fuel cell may
need to shut down as well.

On the other hand, HTFC has very less sensitivity to temperatures and can have
large variations in temperature hence more suitable for integration with gas tur-
bines.

» Technology Readiness Level(TRL):- Technology Readiness Level is important be-
cause of the safety and reliability that Aerospace industry standards demands, es-
pecially for the propulsion systems which is comparatively very high. The TRL of
PEM is the highest because of intense research and testing done in past few years
by the automobile industry. TRL for SOFC is also high but not as high as PEM and
hence needs robust testing and practical applications for further improvements,
especially for the transportation applications. MCFC, even though being in exis-
tence for a long time, still has lower TRL because of the lower ef ciency compared
to SOFC and HTPEM which is promising, but has low TRL as itis still in the devel-
opment and testing phase. Hence, from the TRL perspective, both PEM and SOFC
have an advantage but for the speci ¢ application of transportation, PEM is the
clear winner.

System Integration:- fuel cell System integration into the current aircraft system
architecture is one of the most important factors because it is very improbable
that a new aircraft will be designed just to integrate the fuel cells into the aircraft.
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Hence, fuel cell systems should be safe, compact, and easy to integrate. LTFC are
usually more compact because of their high volumetric power density of 3.1kW/L.
[41] compared to SOFC which has a volumetric power density of less than 1 kW/L.
Although multiple startups and research institutions are expecting to signi cantly
increase the volumetric power densities for both PEM and SOFC, the values given
above are the current commercial systems. The expected volumetric power den-
sity for PEM is more than 5 kW/L [42] and for SOFC is near 7.5 KW/L [27].

But the Volumetric power density given above is for stack only and does not in-
clude the balance of plant required by the fuel cell. Hence, the system volumetric
power density decreases signi cantly and depends on the operation for which it is
being used. But PEM is still more compact than SOFC.

* Fuel:- The type of fuel used in fuel cells will also have a big impact on its suit-
ability for the aircraft. LTFC have an excellent performance for hydrogen but for
other fuels like hydrocarbons, they need a very ef cient fuel reformer, humidi ers,
desulfurized, etc which increases the weight as well as decreases the ef ciency of
the whole system. On the other hand, HTFC can use practically any fuel which is
being used in aircraft along with natural gas, ammonia, and sustainable aviation
fuels which are more probable in the future. HTFC also need fuel reformer and
desulfurized but they have very high resistance to impurities. Hence, HTFC are
better suited for current and future aviation fuels.

Based on the comparison given above, both HTPEM and MCFC are not a good t be-
cause of their low TRL and low ef ciency. Between PEM and SOFC, there is a need for a
more thorough discussion. PEM looks great for aircraft applications as it is more com-
pact, has higher speci ¢ power, better transient response, high TRL, and good ef ciency.
This is the reason that for general aviation which has smaller power requirements, PEM
is the rstand currently the only choice when it comes to fuel cells. But for a commercial
aircraft and especially for a turbofan integrated propulsion system, PEM might not be a
good choice because of its low-temperature operation range, lower ef ciency, and high
dependency on the balance of the plant.

SOFC, on the other hand, does have lower speci ¢ power and volumetric power den-
sity but has higher ef ciency for the integrated systems. A big fraction of the balance of
plants for SOFC like compressors, heat exchangers, combustors, etc is already present in
a gas turbine. This will lead to lower fuel consumption and the author believes that this
may compensate for the weight it adds to the aircraft. Also, the fuel exibility and low
sensitivity to temperature uctuation are a big advantage in the integrated systems. For
the problem of transient response, in the integrated systems, the gas turbines are still the
major part of the system and hence can be used for a transient response as done in the
current aircraft.

It is clearly understood that compromises have to be made on both, PEM and SOFC
but compromises made on SOFC has very little impact on its ef ciency and emissions
compared to PEM which has an ef ciency of nearly 40-45% with the balance of plant
which is only a few points higher than a conventional gas turbine and weakens the argu-
ment of using it in the rst place.
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Also, as mentioned in section 2, SOFC has not been explored for the application of
transportation and hence the performance from the perspective of speci ¢ power and
the transient response was not a priority for researchers and industries. But when the
option was explored by NASA, the speci ¢ power has been improved by 5 times.

Hence by considering all the factors, Solid Oxide fuel cell has been chosen as the
right choice for fuel cell integrated turbofan propulsion system for commercial aviation.






SoLID OXIDE FUEL CELL-GAS
TURBINE CONCEPTS

A Solid Oxide fuel cell-Gas Turbine (SOFC-GT) hybrid is not a new concept. There have
been multiple studies in the past for both ground and stationary systems. Some studies
for Aerospace applications like Auxilliary Power Unit(APU) have also been done. This
section is going to explore these studies in order to understand the working principle
and the challenges of SOFC-GT concepts in a more detailed manner.

3.1. SOFC-GT CONCEPTS FOR GROUND APPLICATIONS

Figure 3.1 shows a detailed system architecture of the SOFC-GT hybrid system. This
con guration is one of the most common con gurations used for the SOFC-GT hybrid
systems. It consists of a compressor, a pre-reformer, a burner, a turbine, a SOFC stack, a
booster, and multiple heat exchangers. The working principle of the system is below.

« First, air is compressed in the compressor which increases the pressure and tem-
perature of the air. The compressed air is pre-heated using two heat exchangers.
The rst one is being heated by exhaust air coming from the turbine and the sec-
ond one is heated from the byproducts of the cathode.

« Second, fuel, in this case, methane ( CHy), is pre-heated in a similar manner as the
air by using the heat exchangers. The exhaust gas from the turbine is used to heat
the fuel. Then the fuel is fed to the pre-reformer.

* The fuel is then reformed in the pre-reformer. Reformer is a device which converts
hydrocarbon fuel into CO,, CO and H». The reactions of the reformer are given in
reaction 3.1and 3.2. Pre-reformer, just like a reformer, partially converts fuel into
CO,, CO and H,. This is done so that when the fuel mixture enters the anode,
the reaction starts to take place immediately. The rest of the unreformed fuel is
reformed inside the fuel cell.

35
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Figure 3.1: SOFC-GT system architecture
[24]

The reforming process requires two things, heat and steam(as can be seen from
reaction 3.1 and 3.2). Both are provided by the fuel cell. The byproducts of the
anode include high exergy heat and steam, as mentioned in reaction 2.1, are put
into the reformer.

|

CH,AH,08 " COA3H, 3.1)
|

COAH,0# " CO,AH, 3.2)

 The partially reformed fuel is then put inside the SOFC which reacts with air to
form steam and electric power. The byproducts of both anode and cathode, as
mentioned before, are used for reforming and heating purposes respectively. These
by-products are then fed to the combustor to generate heat.

* The combustor burns the unutilized fuel ( H») coming from the fuel cell and some
extra primary fuel which is being directly fed to the combustor to produce heat and
increase the temperature of the combustor out ow. This ow is then used by the
turbine to extract the energy it. The turbine (expander in g 3.1) uses this energy
to run the compressor and an external generator which produces more electricity.
The energy left in the exhaust gas is then used to increase the temperature of air
and fuel using heat exchangers.

The biggest advantage of the SOFC-GT integrated system is that both systems com-
plement each other.

» As explained in section 2.2.7, increasing the pressure and temperature of fuel cell
increase the fuel cell ef ciency. As a gas turbine works at high temperature and
pressure, the working uid from the gas turbine, or compressor in speci ¢, can be
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Pressure SOFC SOFC-GT GT SOFC Thermal
Reference (Bar) Temper- Power Power Power Ef ciency
ature (K) Fraction | Fraction | (%)
Massardo[43] 8 1307 - 63% 37% 76
Campanari[44] 3.8 1173 259.5 kW 78.5% 21.5% 64.9
Chan[45] 5 1200 1.3 MW 80% 20% 61.9
Calise[46] 7 1073-1273 | 1.5MW - - 60
Costamagnal47] 4 1173 250 kw 80% 20% 60
Haseli[48] 4 1273 2.42 MW - - 60.55
Whiston[49] 15 1200 545.9 MW 67% 33% 68.1

Table 3.1: Comparison of different SOFC-GT researches

extracted and fed to the fuel cell. Then the byproducts of the fuel cell is fed directly
into the combustion chamber. This extraction and injection of air from the fuel
and into the fuel cell respectively is very bene cial as the pressure losses in the
fuel cell are low, hence the impact of using the air for fuel cell operation on gas
turbine ef ciency is small but the increase in the ef ciency of the system is very
high due to no external auxiliary systems to heat and pressurize the inlet air and
fuel for SOFC.

* The byproducts of the fuel cell which includes high exergy heat and unutilized fuel
can be used directly in the gas turbine. This makes these two technologies highly
complementary in nature as the losses of one technology (fuel cell) are fuel(in
terms of heat and unutilized fuel) for another technology(gas turbine). This com-
plementary nature makes the system more ef cient.

Because of the reasons given above, the ef ciency of the SOFC-GT hybrid system
has increased signi cantly when compared to the stand-alone SOFC and GT systems.
Palsson et al[24] researched a 500 kW system running on methane and has an external
pre-reformer that reforms the 30% of fuel entering the fuel cell( g 3.1). In the baseline
con guration, 30% of fuel is being consumed by the turbine and the system achieved
an electrical ef ciency of 65% and total system ef ciency(electricity +heat) of more than
85% at an operating pressure of 2 bar and operating temperature of 950 *C.

Table 3.1 shows the operating pressure, temperature, gas turbine power, SOFC-GT
hybrid system power, and the ef ciency of multiple studies done in past. Itis clear that
there is a signi cantincrease in the ef ciency of the SOFC-GT hybrid system when com-
pared to a gas turbine alone. For example, Campanari[44] researched a SOFC-micro-gas
turbine system of 260 kW and achieved an ef ciency of 64.9% compared to a gas turbine
ef ciency of 29.9%. Similarly, Haseli et al [48] achieved an ef ciency of 60.55% which is
27.8% higher than a traditional gas turbine. The power distribution between gas turbine
and fuel cell has not been mentioned in the paper. Haseli also researched on the entropy
generation in different components and compared it with the conventional gas turbine
and the results have been discussed in detail below.

Figure 3.2 shows the entropy generation in different components and it is clear that
the combustor and SOFC are the major entropy generators with 31.4% and 27.9% fol-
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lowed by the recuperator with 17.4% of total entropy generated. The high entropy gen-
eration is because of the high heat transfer rates in these components.

Along with this, the entropy generation increased due to an increase in pressure and
temperature. An increase in pressure requires more work output from the compressor
and turbine and an increase in temperature requires more fuel to be added which leads
to higher heat transfer. Both of these phenomena generate more entropy.

Figure 3.3 compares the entropy generation rate vs the compression ratio for SOFC-
GT hybrid and conventional gas turbines. The SOFC-GT produces 154 W/K more power
entropy than a conventional engine because of the additional SOFC but the overall ef -
ciency of the SOFC-GT is still 27.8% higher in absolute terms when compared to a con-
ventional gas turbine. This is because the high exergy ow gas coming out of fuel cell is
being used in the gas turbine to extract the energy and produce electricity. This provides
the mathematical proof for the explanation of the higher ef ciency of SOFC-GT given
above.

Figure 3.2: Entropy generation in different components of SOFC-GT hybrid system
[48]

All systems explained above-used methane or natural gas as fuel and had similar sys-
tem architectures as shown in gure 3.1with the only difference of the reforming process.
Unlike [24], which had a pre-reformer to partially reform the fuel, internal reforming has
been used in all the studies mentioned in table 3.1.

Compared to other studies, Massardo et al[43] show a comparatively higher ef -
ciency of 76%. Although the system total power is not known which will have an impact
on the system ef ciency as bigger gas turbines have higher ef ciency, the ef ciency of
76% is still very high. The reason for this is the high operating pressure and temperature
of the system which has been explained in section 2.2.7. Increasing the pressure beyond
8 bar will lead to a decrease in ef ciency because the work consumed by the compressor
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outweighs the increase in ef ciency of SOFC and work output of the gas turbine. This is
a similar case [43].

Figure 3.3: Entropy generation vs compression ratio
[48]

3.1.1. SHORTCOMINGS OF SOFC-GTSYSTEMS FOR GROUND AND STATIOM

ARY APPLICATIONS
Even though the SOFC-GT hybrid system for ground applications shows the signi cant
improvement in the system ef ciency, it should be noted that these signi cant improve-
ments will not be possible for a SOFC-GT hybrid propulsion system for a commercial
aircraft and they are as follows:-

» Power Fraction:- One of the biggest reasons for higher ef ciency is that the large
fraction of power is coming from the SOFC as given in table 3.1. The gas turbine is
only used as a bottoming cycle to use the waste fuel and heat. No extra air is being
put in the combustor to increase the power output of the gas turbine.

But for aircraft propulsion systems, turbofan will still be the major thrust producer
and SOFC will either aid the turbofan shaft or a distributed propulsion system
along with the aircraft electricity requirement. This is because the speci ¢ power
of commercially available SOFC is signi cantly less than a turbofan.

» Use of Auxiliary systems:- Multiple auxiliary systems like heat exchangers, air and
fuel pre-heaters, etc. have been used in ground systems which helps in very ef-
cient heat recovery and reduces the losses to the environment. For example,
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Palsson[24] system ( gure 3.1) used 5 heat exchangers in the system which is not
possible in an aircraft propulsion system because of weight constraints.

+ High operating pressure:- Ground systems mostly work in the pressure range of
3-8 bar which is lower than a turbofan operating pressure. So, it makes sense to
think that the SOFC performance will be improved by the higher operating pres-
sure of turbofan2.2.7. But the rate of improvement in ef ciency with pressure at
higher pressure is very low(a detailed explanation has been given in section 3.2.
Hence, the higher pressure of air especially at take-off and landing will not be of
many bene ts. But operating the fuel cell at higher pressure will have animpact on
the speci c power as the fuel cell structure needs to be able to sustain those high
pressures during take-off. Hence, the ef ciency improvement due to the increase
of pressure may have a negative impact on the performance of the overall fuel cell.

3.2. SOFC-GT CONCEPTS FORAEROSPACEAPPLICATIONS
Due to multiple advantages offered by the SOFC-GT hybrid concept, the system has
been researched for multiple Aerospace applications along with all segments of aircraft
as well. Most of the studies were done for smaller systems with low power output and
hence, were done either for Auxiliary Power Unit(APU) for large commercial aircraft or
for the propulsion system of High Altitude Long Endurance(HALE aircraft).

Steffen et al [50] at NASA researched a SOFC-GT APU with a power output of 440
KW developed for a 300-passenger aircraft. The system architecture is shown in gure
3.4. Itis similar to a SOFC-GT system for ground applications with an exception of an
additional water process which is used for the steam reforming process. The results of
the study concluded that with the current SOFC technology(the year 2005), during the
cruise, the SOFC-GT hybrid APU was not able to outperform turbine-driven generators
even though the SOFC-GT concept has a system ef ciency of 62.6%. The fuel cells used
have the stack speci c power of 0.265 kW/kg and a system-speci ¢ power of 0.315 kW/kg
compared to the Honeywell APU turbine which is being currently used in Boeing 777
and has a speci ¢ power of 2.92 kW/kg. The system-speci ¢ power is higher than SOFC
speci ¢ power because 34% of power is coming from the turbine.

Waters and Cadou[35] researched an engine integrated SOFC for ef cient electric power
generation for aircraft. The aircraft considered is a small regional aircraft and a HALE air-
craft. The system is shown in gure 3.5. The system working principle is similar to what
has been explained before with two exceptions. First, the SOFC has been implemented
directly into the engine nacelle and second is the Catalytic Partial Oxidation ( CPOy) re-
forming process. Unlike steam reforming which requires water or steam for the reaction

to take place, CPOy does not need steam and hence reduces the weight of the system.
The study also considered the impact of fuel cell on the overall drag of the aircraft and
included it in overall fuel consumption.

The result of the study shows that the fuel burn has been reduced by more than 5%
and electric power output potential has increased by more than 500% at a cost of 5-
8% speci c power. An intriguing thing about the concept is that, unlike other SOFC-
GT concepts, there is no separate turbine and compressor for SOFC, which reduced the
weight of the system signi cantly and hence made the system more attractive.
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Figure 3.4: The system architecture of SOFC-GT APU
[50]

Three different gas turbines have been used for the research, a turbojet, a low Bypass
Ratio (BPR) turbofan, and a high BPR turbofan. The SOFC-GT engine was compared
with a conventional engine which has a generator with a speci c power of 1 kW/kg, con-
nected to the low-pressure shaft which generates electricity. The results showed that the
reduction in fuel burn for a 200 kW power system for a turbojet engine was 14.7%, for
a low BPR turbofan is 16.8% and for a high BPR is 11.3%. The different values of the
fuel burn for high BPR and low BPR turbofan is because high BPR turbofan is inherently
more ef cient than a low BPR turbofan. Hence, electricity produced from a high BPR
turbofan is more ef cient. But the reason for the higher advantage for low BPR turbofan
compared to turbojet has not been explained in the paper.

Sensitivity analysis for the system has also been done by changing various operating
parameters. From sensitivity analysis, it has been concluded that the gas turbine mass,
SOFC exit temperature, fuel cell losses, fuel utilization percentage, and CP Oy perfor-
mance has a high impact on overall system performance whereas the impact of CPOy
mass, turbine, and compressor ef ciency and SOFC heat loss does not have much im-
pact on system performance.

The paper also researched the impact of temperature and pressure variation on the
fuel celland CPOy. Figure 3.6 shows that the increase in temperature increases the cell
voltage as expected. Along with this, the performance of CP Oy has also improved as an
increase in temperature increases the reaction rate.

Figure 3.7 shows the impact of pressure variation on the fuel celland CPOy. The
pressure increase improves the fuel cell performance but it should be noted that the in-
crease in pressure to higher values does not have a high impact on the fuel cells. For ex-
ample, when pressure is increased from 1 atmto 10 atm, at a currentdensityof 1~ A/ cm?,
the cell voltage increased from approximately 0.6 V to 0.74 V but the improvement from
10 atm to 20 atm is insigni cant.
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Figure 3.5: System architecture of engine integrated SOFC-GT power system
[35]

Figure 3.6: CP Oy and SOFC performance for different temperatures of operation

[35]

Along with this, the increase of pressure has a negative impact on the CP Oy perfor-
mance. As pressure is increased, less amount of fuel is being oxidized which will further
impact the system performance by increasing the concentration losses and reducing the
heat output of fuel cell as fuel needs to be reformed inside the fuel cell which is an en-
dothermic process.

Borer etal [51] compared the different propulsion systems for X-57 distributed propul-
sion aircraft. Four propulsion systems were compared for a minimum power output of
75 kW, an IC engine, a battery-powered propulsion system, and two different architec-
tures of SOFC-battery hybrid. The SOFC-battery hybrid system architecture is given in
gure 3.8. Diesel fuel is being reformed into CO and H» and is being delivered to both
fuel cell and combustor. The combustor provides heat to the reformer for the reaction
and steam coming directly from the fuel cell is fed into the reformer for steam reforming.

A turbocharger is also being used to provide pressurized air to the fuel cell and combus-
tors. Electricity produced by the fuel cell is used to charge the battery and to run the
propellers.

SOFC Power system 1 has a speci ¢ power of 302 W/kg and ef ciency of 62 % and
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Figure 3.7: CPOx and SOFC performance for different pressures of operation
[35]

Figure 3.8: System architecture for SOFC-battery hybrid propulsion system
[51]

SOFC Power system 2 has a speci ¢ power of 281 W/kg and ef ciency of 55 %. The
speci ¢ power includes the mass of all systems including the electrical system, support
structures, and battery. The difference between system 1 and system 2 is the use of a hot
recycle blower which reduces the weight and increases system ef ciency. According to
Borer, in order to be competitive with an IC engine and a battery-powered aircraft, the
SOFC battery hybrid system must reach the speci c power of 300 W/kg and ef ciency of
60% with reforming which is signi cantly higher than the current SOFC-battery hybrid-
speci ¢ power of less than 100 W/kg and an ef ciency of 30-40%. Similar conclusions
were provided by Stoia et al[52] as well who researched how to reduce the fuel cost by
50% for a small light aircraft or an APU for a large aircraft. The research[52] also showed
that along with high ef ciency, the SOFC-battery hybrid system has the potential to re-
duce NOy emissions and carbon emissions signi cantly on the ground for both APU and
propulsion systems. A comparison of different types of fuel reformers was also done and
CPOy reformer turned out to be a better option in terms of weight, start-up, and vol-
ume. The system has the lowest weight, smallest size, and mature technology compared
to Steam Reforming and Auto-thermal Reforming and does not need steam to reform the
fuel, which is a big requirement. In some past research [50], an external water tank and
water process needs to be implemented for the steam reforming process which reduced
the speci ¢ power of the system. But in order to achieve the ef ciency of 60%, steam re-
forming needs to be used. Both papers provide great insights on a realistic SOFC system
for the propulsion system and APU with the required speci ¢ powers and ef ciencies to
be competitive with the status quo.

There are very few studies done on the SOFC-GT hybrid concept for the application
in aircraft propulsion systems where SOFC is also providing power to produce thrust
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along with the aircraft's electrical power requirement. Most of the studies are focused on
APU systems as mentioned earlier when it comes to commercial aircraft. But Okai et al
[53] researched the feasibility of a SOFC-GT hybrid-electric propulsion system for a 150-
seater regional aircraft. The size of the propulsion system is 15 MW (each engine is 7.5
MW) with an engine pressure ratio of 55. The system architecture is shown in gure 3.9.
The concept is quite straightforward, the air is compressed by the compressor, and part
of the compressor air is fed to the SOFC. Then the byproducts of the SOFC are mixed with
the rest of the air coming from the compressor and are fed to the combustor directly. A
small compressor has also been used before the SOFC whose purpose is to increase the
temperature of the incoming air as well as to reduce any uctuations that might occur in
the incoming air. Both SOFC and turbofan are producing electricity which is being used
to run the fan.

Figure 3.9: System architecture for SOFC-GT hybrid-electric propulsion system
[53]

The study did research on two types of fuels, hydrogen, and kerosene. Two cases
were researched and in both cases, the fuel cell was run on hydrogen but the gas turbine
was run on hydrogen in the rst case and kerosene in the second case. The results for the

rst case are given in the gure 3.10. The X shows the reference point for a conventional
engine that is being run on jet fuel. The black line shows the ef ciency of the SOFC-GT
hybrid engine which is increasing as more power is extracted from the fuel cell. Also, the
weight of the engine is increasing as a result of increasing the fraction of power coming
from the fuel cell because fuel cell is getting bigger. Even though the ef ciency of the
propulsion system is increasing, adding a fuel cell has a negative impact on the range
of the aircraft. For this analysis, the weight of the propulsion system and fuel is kept
constant, which means if the weight of the propulsion system is increased, as in the case
of adding a fuel cell, the weight of fuel needs to be reduced. This is the reason that the
range of aircraft is reducing. As the weight of the propulsion system is increased, the
aircraft have to carry less fuel and hence less range. This also means that the increase
in core ef ciency due to the addition of fuel cells has not complemented the increase
in weight. One more thing that should be noted is that the gas turbine for the reference
case and the SOFC-GT system is different. For example, the core ef ciency of a reference
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gas turbine is approximately 28% compared to 40% of the SOFC-GT with no fuel cell.

Figure 3.10: Core ef ciency vs engine weight vs aircraft range for case 1, hydrogen

(53]

Figure 3.11: Core ef ciency vs engine weight vs aircraft range for case 2, hydrogen (SOFC) & kerosene (gas
turbine)

(53]



46 CHAPTER 3. SOLID OXIDE FUEL CELL-GASTURBINE CONCEPTS

Figure 3.11 presents the results of case 2 where a gas turbine is being run on kerosene.
In this case, the reference engine which has been considered is highly ef cient with
a core ef ciency of approximately 45%, even higher than the SOFC-GT hybrid system.
Similar to case 1, as the size of fuel cell is increased, the core ef ciency is increased. Also,
the weight of the engine has increased at maximum system ef ciency for case 2, which
is approximately 7500 kg compared to case 1, which is 6500 kg. The reason for this in-
crease has not been explained. But the range of the aircraft has increased as the fuel cell
is added to the system, which is counterintuitive. First, kerosene is 11.5 times denser
than hydrogen and 2.6 times less energy-dense which means less amount of total energy
is being carried on the aircraft. If the ef ciency of the SOFC-GT hybrid core system is
similar in case 1 and case 2, the range must decrease because of the higher weight of the
kerosene, even though there should be more decrease because of less amount of energy
carried on aircraft. Also, the weight of the engine is higher in case 2, than in case 1 for
similar ef ciency, hence less fuel has to be carried. So, again the range should decrease.

Back-of-the-envelope calculations are done by the author of this report with similar
methods (Breguet range equation) mentioned in the paper show that the range of the
aircraft should increase in both cases, case 1 and case 2.

Another study done by Seyam et al[54] in recent times shows that integrating the
SOFC with a gas turbine does increase the total ef ciency of the system. Figure 3.12
shows the architecture of the SOFC-GT hybrid propulsion system analyzed in this study.
The architecture is similar to the architecture of Okai[53] but with the integration of fuel
reformer. Seyam et al analyzed multiple fuels like methanol, ethanol, etc. blended with
a fraction of hydrogen to understand the impact of different fuel types on the system
performance and ef ciency. The SOFC net power output is 944 kW and the thermal ef-
ciency has increased from 43.4% for baseline engine running on kerosene to 48.1% for
SOFC-GT hybrid running on 75% methanol and 25% hydrogen. It should be noted that
along with the bene t for fuel cell, changing the fuel will also have an impact on the spe-
ci ¢ heat capacity of the mixture, hence leading to a change in thrust and ef ciency. The
direct bene t of adding the fuel cell to turbofan with the same fuel has not been given in
the study.

Figure 3.12: SOFC-GT hybrid system architecture
[54]



RESEARCHOBJECTIVES,
QUESTIONS & M ETHODOLOGY

This section talks about the research questions and objectives for the research that the
author is proposing. But rst, a small conclusion of all the sections presented above has
been given in order to have a whole picture of why the author is proposing the speci c
research project and it is as follows:-

Section 1 talks about the current scenario of engine emissions and speci c fuel con-
sumption and its trend over the years which proves that the gas turbine technology is
maturing. Hence, there is a need for new disruptive innovations in the propulsion sector
in order to achieve ACARE 2050 goals. But if the disruptive technologies which are pro-
posed like Boundary Layer Ingestion(BLI), Turbo-electric propulsion, and Distributed
Propulsion(DP) were to be implemented in a Boeing 737-800 aircraft, it will reduce the
fuel burn by between 7-12% [13], which will not be suf cient for the industry emission
reduction targets. Hence, the author believes that along with the technologies which
have been proposed, other concepts should also be investigated which could increase
ef ciency and one of those concepts or technology could be the fuel cell. But fuel cell,
due to their low TRL and low speci ¢ power could not be used alone for commercial air-
craft. Although, there is a possibility of using a hybrid concept called SOFC-GT, which is
an integrated system.

Section 3 gives a detailed explanation of multiple concepts researched in the past
for ground and aerospace applications which shows that the SOFC-GT hybrid has the
capability to reach an electrical ef ciency of more than 60% and an integrated system
ef ciency of 85%. Along with this, the concept does not disregard the gas turbine tech-
nology, which has been developed over the decades and achieved an engineering feat
when it comes to eliminating inef ciencies. On the contrary, it is complementary to
gas turbine technology and provides more scope for improvement. Hence, the author
believes that this concept should be explored more and after a thorough analysis of mul-
tiple types of research, the author has identi ed many research gaps and they are as
follows.

47
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4.1. RESEARCHGAPS

Section 3 gives a thorough explanation of the research done in the past for the SOFC-GT
hybrid for both ground and aerospace applications. After doing a thorough analysis, the
following research gaps have been identi ed.

1. Most research papers that have researched on SOFC-GT hybrid system focus on
being the SOFC as the main power source and gas turbine to only use the by-
products of SOFC or as a bottoming cycle.  This means that most of the power
is contributed by SOFC, which is inherently more ef cient than a gas turbine and
hence the system ef ciency increases signi cantly to up to 60% for a 1.5 MW sys-
tem[46].

However, for an aircraft propulsion system, the primary source of power or a sig-
ni cant fraction of power will still be contributed by the gas turbine because of the
requirement of peak power, transient responses, and speci ¢ power limitations of
SOFC. Hence, there is a need to research the bene t of SOFC-GT hybrid for an
aerospace propulsion system.

2. How much the gas turbine should be downsized as a signi cant fraction of power
is being contributed by the fuel cell?  As, a fraction of power is being contributed
by the SOFC, the size of the turbofan can be reduced as running a turbofan be-
low its most ef cient point will reduce the system ef ciency and increase emis-
sions. Also, downsizing the engine will reduce the propulsion system weight as
well, which means the contribution of fuel cells can be increased.

3. Fewresearchesinthe domain of SOFC-GT hybrid concept for Aerospace propul-
sion application. The researches which have been done in the domain of Aerospace
are for either APU or electrical power supply for the aircraft but not speci cally for
the propulsion system, like the one done by Waters and Cadou [35]. One of the
researches done speci cally for using SOFC-GT for propulsion systems is done by
Okai et al [53] and as explained in section 3, author believes that the research has
some discrepancies. The research shows a higher range for the aircraft when fuel
cell is added to the turbofan, where the turbofan is running on kerosene and fuel
cell on hydrogen, compared to a hybrid system which is running completely on
hydrogen even though the ef ciency of both the systems is similar. This is counter-
intuitive as kerosene has a higher weight and hence, will reduce the range of the
aircraft. Another research done by Seyam et al[54] does not present the direct im-
pact of adding the fuel cell to the turbofan. Hence, the idea of using SOFC-GT
hybrid as a propulsion and power system for aircraft has not been very well re-
searched.

4. Noresearch has been found which gives an understanding of the impact of adding
a fuel cell to a turbofan on the turbofan engine. If a fuel cell is added to a Turbo-
fan, then the turbofan is no longer working on its most ef cient and optimized



RESEARCHOBJECTIVES& QUESTIONS 49

point. This may even lead to a reduction in system ef ciency as the fuel cell may
be making the turbofan inef cient by shifting it from its higher ef ciency points.
Hence, the turbofan parameters need to be changed in order to get the maximum
ef ciency output from SOFC-GT.

5. No research has been found on the economic analysis of the SOFC-GT hybrid
propulsion system for a commercial aircraft. The author has not found any eco-
nomic studies which are focusing on the SOFC-GT hybrid-based propulsion sys-
tem and its impact on the direct operating costs and lifelong economics of the
aircraft.

4.2. RESEARCHOBJECTIVES& QUESTIONS
After analyzing the research gaps in section 4.1, the following research objective has been
developed.

The main research objective of this research is:-

“To analyze the technical and economic feasibility of the SOFC-GT hybrid propul-
sion system running on hydrogen for a commercial aircraft by doing a thermodynamic,
emission and economic analysis of the system."

In order to achieve the research objective, the following research question has been
developed.

“Isittechnically and economically feasible to develop a SOFC-GT based hybrid propul-
sion system running on hydrogen for a commercial aircraft?”

In order to thoroughly answer this question, many sub-questions need to be an-
swered and they are as follows:-

1. Whatis the difference in steady-state performance for the SOFC based hybrid propul-
sion system compared to a conventional Gas Turbine propulsion system? What is
the impact of adding the fuel cell on gas turbine parameters?

2. Does the improvement in performance such as reduction in fuel consumption com-
plement the added weight? If not, how much improvement is needed in the speci c
power of the Fuel Cell?

3. What is the reduction in emissions, mainly NO & Water, for the SOFC-GT hybrid
when compared to a conventional Gas Turbine propulsion system based upon the
correlation method? (0 D emission Analysis)

4. Does the improvement in performance complement the increase in fuel cell-related
Costs? If not, how much improvement is needed in fuel cell-speci ¢ power to achieve
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feasibility?

. Does an introduction of NO y and Water emission tax make the propulsion system

feasible for the current values of fuel cell-speci ¢ power? If not, how much improve-
ment is needed in the speci ¢ power of the Fuel Cell?

. Can the Gas turbine be downsized while keeping the maximum thrust of the engine

similar to the reference case? What is the difference in performance, from both tech-
nical and economic perspectives, for the downsized engine when compared to the
reference engine integrated with a fuel cell?

. Which parameters of fuel cell and gas turbine have the major impact on the perfor-

mance and economics of the propulsion system? (Sensitivity Analysis)

4.3. RESEARCHMETHODOLOGY

This section includes the methodology that will be used in order to answer the research
guestions and achieve the research objective presented in section 4.2.Figure 4.1 shows
the complete methodology of the project. A thorough explanation of each step is given

below:-

« First step is to develop and verify the mathematical model of the fuel cell. A de-

tailed explanation of the fuel cell model is given in section 2.2. But in order to
develop a model, there is a need for physical data like the properties of anode,
cathode, and electrolyte along with speci ¢ weight.

There are multiple models which can be used as references for example the Aguiar
Model [55], the Campanari model[44], the Chan Model[45], the Haseli model [48]
etc. The criteria for choosing the model set by the author is based on the ease
of collection of data and the ease of veri cation of the model and are explained
thoroughly in section 5.1.

Figure 4.1: Project Methodology
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« The second step is the development of the turbofan model and an open-source
thermodynamic cycle code, PyCycle, will be used [56]. PyCycle is developed by
NASA based on the multidisciplinary design optimization algorithm which is faster
than the already available NPSS (Numerical Propulsion System Simulation) which
is being used by the industry [57]. A more thorough explanation is given in section
6.1.1.

The next step would be to validate the PyCycle model for multiple conditions like
take-off, climb out, and cruise. The validation will be done by taking the ICAO
engine database as the reference. [3]

» The third step would be the integration of the fuel cell model with the PyCycle
model to build the SOFC-GT hybrid propulsion system. The hybrid model will 4
then be veri ed by doing the energy balance.

Both, fuel cell and Gas Turbine models will be a zero-dimensional models. The
author believes that for system-level analysis, the zero-dimensional model is the
best choice. This has been explained in section 5.1.

» The fourth step would be to analyze the preliminary results such as TSFC, ef cien-
cies, mass ow rate, etc. for the SOFC-GT hybrid propulsion system.

* The fth step would be changing the engine parameters to get the same speci c
thrust as the reference engine. This has been done in order to fairly compare the
SOFC-GT hybrid with the reference engine and is explained in section 8.1.2.

* The sixth step is to develop a 0D emission model which will calculate the ~ NOy
and water emissions. As the fuel used in this study is hydrogen, there would be
no direct carbon emissions. The model will calculate the emissions based on the
multiple correlations available in the literature.

* The seventh step would be to do an economic analysis based upon the results of
the SOFC-GT hybrid model and emission model. Multiple scenarios for emission
tax and SOFC-GT would be analyzed.

« Atthe end, sensitivity analysis for technical and economic parameters will be done
in order to understand the impact of these parameters on the engine performance
and economics, respectively.






FUEL CELL MODEL

This chapter discusses the complete fuel cell model and its veri cation. Figure 5.1 shows
the architecture of the whole model. The main components of the fuel cell are the heat
exchanger and a SOFC.

Figure 5.1: Fuel Cell Architecture

The explanation of the model is given below:

« First, the air, hydrogen, and steam go into the heat exchanger from the fuel cell
air compressor, fuel compressor, and fuel cell respectively. The reason for using a
heat exchanger is to heat the inlets of SOFC to the required inlet temperature of
the SOFC. The inlets are heated with the thermal energy of the by-products of the
SOFC.
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* The heated inlets go into the SOFC and the fuel cell reaction takes place in the
SOFC and heat and electric power are produced. The byproducts of the fuel cell,
mainly unutilized hydrogen, produced steam and left out air goes into the heat
exchanger and acts as a hot uid that is used to heat the inlets of SOFC. The power
produced by the SOFC is then put in the LP shaft using the motor.

* After the heat exchanger, the byproducts are added to the combustor. It should be
noted that a part of the steam from SOFC goes into the heat exchanger. The reason
for re-circulation is given in equation 2.9. The reaction shows that the equation
fails if the concentration of water/steam reaches close to zero. Hence, in the anode
inlets of SOFC, a small concentration of water/steam is required and this has been
done by using a re-circulation loop.

5.1. REFERENCEM ODEL

The SOFC mathematical model developed for this study is a Zero-Dimensional (0D)
model. The model cannot compute the properties such as temperature, concentration,
voltage, etc. along the fuel channel but only at one point. The reason for choosing a 0D
model are as follows:

1. Purpose of the study : The purpose of the study has a big in uence on the type of
model that needs to be used. For this study, there is only a need for system-level
analysis for the fuel cell and hence, a 0D model is suf cient for the analysis.

2. Computation Time : The computation time of a OD model is multiple times less
than a 1D or a higher dimensional model. This reduction in time is very bene cial
for a range of analyses that can be done in the same limited time and is required
for a feasibility analysis.

3. Development Time : Similar to computation time, the development as well as the
debugging time for a higher dimensional model is substantially higher, which may
lead to a reduction in the scope of the study.

The SOFC model which has been built in this study is based on the Aguiar One Di-
mensional model [55]. There are multiple models available like Chan model [58] and
Kang model [59]. But the reasons for choosing the Aguiar model as a reference are as
follows:

1. Well Renowned Model : The Aguiar model is a well-renowned model all over the
world with more than 808 citations as of the writing of this report. It has been used
as a reference model for many studies on SOFC and SOFC-GT hybrid.

2. Availability of Data : The data needed to build the model is given in the paper of
Aguiar, which is very helpful while building the mathematical model. The com-
ponent material and properties, which are the inputs of the SOFC mathematical
model, are presented in the paper.

3. Simplicity of the Model : The model is simple and hence can be used as a reference
for a 0D model. The equations used for different losses are simpli ed, which also
leads to a reduction in computation time.
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5.2. SOLID OXIDE FUEL CELL M ODEL

This section explains the architecture of the SOFC model and the assumptions that have
been taken to build the model. The model architecture is shown in gure 5.2. The error
in the model is de ned in equation 5.3.

Figure 5.2: SOFC Model Architecture

The explanation of the SOFC model architecture is given below:

« First, the initiator provides the SOFC model with the outlet temperature of SOFC
(Trcout), the power required from the fuel cell, guessed mass of air and concentra-
tion along with the other inputs like operating pressure and fuel utilization. Some
inputs, which are constant, have not been shown in gure 5.2 in order to improve
readability.

» The SOFC model calculates the cell output voltage ( Vi) given the temperature,
concentration, and pressure of the fuel cell. The equations are given in section
2. The number of moles of hydrogen required ( Hz,, .4 ) Will be calculated using
the Vi as shown in equation 5.1. The V. is the output of the SOFC model and |
and U; are constant. It should be noted that SOFC doesnot use all the hydrogen
because of the concentration losses as explained in section 2. Hence, utilization
factor or Ut has been used in order to calculate the total amount of hydrogen re-
quired that needed to go into the fuel cell.

Ptc

Hzrequired Evfc alao Uf (51)

where

P+ .= Power output of fuel cell, W
U ¢ = Utlization factor
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| = Current produced when one mole of hydrogen is converted to water/steam, A

The SOFC model also calculates the amount of by-products, mainly the steam pro-
duced and hydrogen and oxygen consumed, and the heat produced. The heat pro-
duced is given in equation 5.2.

Heat A(H2, )\ cumea 2¢N)i Ptc (5.2)

where

H2consumed =H 2required *U f
¢ h= Total heat released by the reaction, J

Once the amount of by-products and heat produced is calculated, the mass of air
can be calculated in the SOFC model. The heat produced by the SOFC is extracted
by the air which is entering the SOFC. The SOFC has a maximum temperature
constraint, Trcout, Which is an input to the SOFC model, and the mass of air is
increased or decreased until the Tgcout is achieved. The error shown in gure
5.2 is given in equation 5.3. If the error is less than 0.05 K, the model is stopped
and provides the output, Mg, along with the Hyconsumed @nd the concentration
of byproducts.

Error ’CErwat i TfCoutrequired (53)

where
Tt ¢, = Temperature of the byproducts coming out of SOFC model, K

Tt cout requireq = REQUIred or maximum temperature constraint of SOFC model, K
quired

The SOFC model is based upon some assumptions and they are given below:

The model is assumed to be adiabatic, hence no loss or gain of heat from the sur-
rounding.

The calculations for V. have been done in the middle of the SOFC. This means
that the temperature and the concentration at which the Vi is calculated is the
average of the inlet and outlet of the SOFC.

The rate of reaction is assumed to be constant inside the SOFC. This means that
the consumption of hydrogen along the fuel cell is constant.

The pressure losses inside the SOFC are assumed to be 5%. This value can differ
but an average is assumed based on the data given in [60].
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» The inlet and outlet temperatures of the SOFC model have been calculated using
the constraints from the Aguiar model. The maximum temperature limit or con-
straint is 1200 K and hence, the Tgc of the outlet by-products must not exceed
1200 K. Along with this the maximum temperature gradient is 154 K.

Considering the maximum temperature gradient constraint, the minimum inlet
temperature of the SOFC cannot be less than 1046 K. Hence, the Tgcin must be
greater than 1046 K. The maximum temperature gradient constraint is applied be-
cause of the thermal expansion of the electrodes and electrolyte. As the reactions
start to take place in the SOFC, the temperature of electrodes and electrolytes in-
creases and they start to expand. Beyond a temperature difference of 154K, the
thermal expansions at the inlet and outlet may increase to such levels that the
SOFC structure may crack. Hence, a temperature gradient limit is established.
Hence, values for Tecout @nd Tecin are assumed to be 1200K and 1050K respec-
tively for the SOFC model.

5.2.1. VERIFICATION OF SOFC MODEL

This section consists of the veri cation of the SOFC model. The veri cation has been
done against the Aguiar model [55]. The Aguiar model uses a hydrocarbon fuel and uses
an internal steam reforming process to convert hydrocarbon fuel into hydrogen and Car-
bon dioxide. A thorough explanation of the steam reforming process is given in section
3.1 and equations 3.1 and 3.2. This means that in addition to the SOFC model, there is a
need for a 1D steam reforming model as well.

Figure 5.3: Concentrations of species along the fuel channel

[55]

Along with this, the Aguiar model is a 1D model and hence, the model can evaluate
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the rate of reactions based upon the local temperature, current density, and concentra-
tion, along with the fuel and air channel, and hence the fuel cell voltage. However, the
1D model for SOFC and reformer, as mentioned in section 5.1, is out of the scope of this
study.

Hence, in order to do the veri cation for a 0D model, the input data like the concen-
trations, temperature, and current densities at different points along with the SOFC fuel
and air channel have been taken from the paper of Aguiar itself.

Figure 5.3 shows the concentration change of species along the SOFC. It can be seen
that the methane is getting converted to hydrogen until it reaches near zero concentra-
tion. Figure 5.4 shows the variation of temperature and it is clear from the gure that
there is a dip in temperature initially and then it increases till the end of SOFC. This is
because of the reforming process. As reforming is taking place at the beginning of the
SOFC and itis an endothermic process, the temperature of SOFC decreases. It should be
noted thatin gure 5.4, temperatures of multiple components have been shown. For the
veri cation purpose, the temperature of PEN(Positive-electrode/ Electrolyte/Negative-
electrode) the structure has been used as the reactions are taking place on the PEN struc-
ture.

Figure 5.4: Temperatures of different SOFC components along the fuel and air channels
[55]

Figure 5.5 shows the corresponding cell voltages (shown as operating voltage in the
gure 5.5), losses and current density along the fuel channel. Figure 5.6 shows the com-
parison between the cell voltages and losses along the fuel channel for the Aguiar model
and the SOFC model developed for this study. It is very clear from the gure that the
SOFC model is co-relating very well with the Aguiar model. The blue solid and dashed
lines are the open circuit voltages, which is the maximum achievable voltage by the SOFC
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at a speci ¢ temperature and pressure. The biggest loss, as can be seen from the gure
is the activation loss and it includes both, anode activation loss and cathode activation
loss. After the activation loss, the second-biggest loss is the ohmic loss. It is clear from
the gure that for a big part of the fuel channel, the ohmic loss is almost constant even
though the temperature of the PEN structure is increasing. The reason is the increase in
the current density along the fuel channel as shown in gure 5.5.

Figure 5.5: The SOFC output voltage, losses, and current density along the fuel channel
[55]

Figure 5.6: Comparison between SOFC model and Aguiar model
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The smallest loss in the SOFC is the concentration loss. The concentration loss is
initially higher and the reason is the lower concentration of hydrogen at the inlet. The
steam reforming process is taking place in the rst 20-30% of the fuel channel and hence
the concentration loss is higher. Butthen as the hydrocarbon is converted into hydrogen,
the concentration losses reduce until it increases again near the outlet as the hydrogen
concentration is at a minimum near the outlet.

The lowest and maximum error encountered among the six points taken along the
fuel channel for analysis is 0.12% and 1.07% for the SOFC 0D model compared to the
Aguiar 1D model. The error has been found to be very low and hence, the impact of
this error on the whole system-level analysis would below as well. Given the advantages
in terms of computation and development time and simplicity of the model, it can be
concluded that the SOFC model is veri ed.

5.2.2. SENSITIVITY ANALYSIS OFSOFC MODEL

This section shows the sensitivity analysis of the SOFC model in which pressure and
temperature are changed respectively while keeping all the other parameters constant
and their impact on the SOFC cell voltage and losses has been analyzed.

The impact of change in temperature and pressure on OCV, losses, and cell voltage
has been thoroughly discussed in section 2. A summary has been given in table 5.1.
It should be noted that the trend of concentration losses in gure 5.7 is not very visi-
ble because of the lower absolute value but the concentration losses are increasing with
temperature.

Voltage or Loss Temperature Increase Pressure Increase
Open Circuit Voltage Decrease Increase
Activation Loss Decrease No Impact
Ohmic Loss Decrease No impact
Concentration Loss Increase Decrease
SOFC Cell Voltage Increase Increase

Table 5.1: Pressure and temperature impact on SOFC OCYV, losses and Cell Voltage

Figure 5.7 shows the changes in OCV, losses, and cell voltage as temperature in-
creases. The OCV is decreasing as expected due to a decrease in the Gibbs Free Energy
as the operating temperature is increased. Both ohmic and activation losses are decreas-
ing as an increase in temperature decreases resistivity in the electrolyte, hence reducing
the ohmic loss. Increasing temperature also increases the energy available to the reac-
tants for crossing the energy barriers, leading to a reduction in activation energy and
hence the loss. Concentration losses are increasing as more backward reactions are pos-
sible due to higher temperature as the higher temperature will act as a catalyst to move
reaction backward, as explained in section 2.2.4. But the change in concentration loss
is insigni cant because the concentration loss is the smallest contributor of all losses.
Hence, overall, the cell voltage increases signi cantly and it can be seen clearly from g-
ure 5.7. An increase of operating temperature from 900 K to 1100 K or 22.23%, increases
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Figure 5.7: Temperature vs SOFC cell Voltage and losses

the cell voltage from 0.25 V to 0.9 V, an increase of 260% in cell voltage.

Figure 5.8 shows the changes in OCV, losses, and cell voltage as pressure increases.

Unlike temperature increases, the OCV increases due to an increase in pressure. The ac-
tivation and ohmic losses are not affected by changes in pressure and hence they are con-
stant as pressure increases. The concentration losses decreased signi cantly because an
increase in pressure increases the number of molecules of the species in the fuel and
air channel, hence decreasing the concentration loss. An increase of operating pressure
from 50 kPa to 3 MPa or 5900%, increases the cell voltage from 0.658 V to 0.7822 V, an in-
crease of 18.89% in cell voltage. It is clear from both the gures that cell voltage is more
sensitive to temperature to pressure, which was also mentioned in section 2.2.7.

Figure 5.8: Pressure vs SOFC cell Voltage and losses
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Hence, from the qualitative analysis, the SOFC model is reacting to the change in
temperature and pressure as expected and is concluded to be veri ed.

5.3. HEAT EXCHANGER
As explained in section 5.2, the inlets of SOFC need to be above 1046 K because of the
maximum temperature difference constraint of the SOFC. However, the temperature of
air coming from the fuel cell air compressor is around 860 K for ~ Sea Level Static con-
dition (Design) and 770 K for Cruise condition (Off-Design)  because of the difference
in absolute pressures at the exit of the high-pressure compressor at these conditions.
Hence, the temperature of the air is too low to enter into the SOFC. Similar to air, the fuel
temperature is also low, 298 K and hence, a high-temperature heat exchanger is required
to increase the temperature of air and fuel to the inlet temperature.

Figure 5.9 and 5.10 shows the complete architecture of the two heat exchangers used
to heat the anode and cathode inlets respectively. The process for heat exchanger anode
is explained below:

Figure 5.9: Heat Exchanger Architecture Anode

* First, the H, and H,0 from the fuel compressor and SOFC respectively, enter the
heat exchanger as explained at the beginning of the chapter.

* The Hy and H,0 enter as cold uid and get heated to the inlet temperature,  Tgcin
which is 1050 K, from the thermal energy of the outlets of the anode of SOFC,
which is the hot uid. The outlet of the anode constitutes left out H>0 and H,0
produced in the SOFC at a temperature of Tgc which is 1200 K.

» Then the SOFC anode outlets goes into the combustor after providing the required
thermal energy to the inlets of the anode. The heated anode inlets then go into the
SOFC as shown in gure 5.9.
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« Similar process is followed by the heat exchanger for the cathode side as shown in
gure 5.10.

Figure 5.10: Heat Exchanger Architecture Cathode

Assumptions for the heat exchanger model are given below:

* The heat exchanger model is a OD model.

» The heat exchanger is assumed to be adiabatic, hence no loss or gain of heat from
the surrounding.

The heat exchanger model used in this study is based on a simple energy balance.
It has been assumed that a heat exchanger would be able to provide the heat required
to increase the temperature of inlets to 1050 K. A preliminary analysis done by the au-
thor for a heat exchanger model based on the eps-NTU method [61] suggests that the
variation of the outlet temperature of cold uid for Design and Off-Design condition is
low and hence a simple energy balance analysis would not lead to a major change in the
nal results. Also, the heat exchanger needs to be designed for the Off-Design condition
because the mass ow rate is higher, especially for the cathode. If the heat exchanger is
designed for Design condition (Sea Level Static), then the temperature of the air entering
the cathode of the fuel cell would be lower than 1050 K, leading to an ef ciency drop of
the fuel cell.

The temperature of the inlet and outlet of the cold uid(fuel cell inlets) is known
along with the temperature of the inlet of the hot uid (outlet of fuel cell). Hence, the
temperature of the outlet of hot uid from the heat exchanger can be calculated from
the enthalpy of the uid as given in equation 5.4.

£ o
Hhout /EHhin i HCout i Hcin (54)
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where
Hp,.. = Enthalpy of hot uid coming out of heat exchanger, J
Hp,, = Enthalpy of hot uid going in the heat exchanger, J
H¢,.. = Enthalpy of cold uid coming out of heat exchanger, J
H¢,, = Enthalpy of cold uid going in the heat exchanger, J

5.4. FUEL CELL M ODEL VERIFICATION

This sections consists of the veri cation of the complete fuel cell model. The model
architecture is shown in the gure 5.1 and the explanation of architecture is given at the
beginning of the chapter.

Figure 5.11: Total energy in and out of Fuel Cell

The veri cation of the complete fuel cell model is done by doing the energy balance
across the fuel cell. The total energy going in and coming out of the fuel cell is shown
in gure 5.11. The total energy going in the fuel cell is the  H, coming from the fuel
compressor and air coming from the fuel cell air compressor. The energy coming out
of the fuel cell is the fuel cell by-products and the power generated by the SOFC.

Figure 5.12 shows the error in the complete fuel cell energy balance as the power
output of the fuel cell is increasing for Design condition. The error is de ned in equation
5.5. ltcan be observed from the gure thatthe error in the energy balance is below 0.08%,
almost negligible and for all the cases of fuel cell power output is changing. The reason of
the error is because of the error margins used to calculate the amount of air required in
the fuel cell givenin gure 5.2 and equation 5.3. The margins can be reduced further but
it leads to an exponential increase in the computation time. For example, reducing the
error margin from 5000 J to 500 J led to a computation time increase from 4.7 minutes
to more than 37 minutes. Hence, the author believes that keeping the error margin of
1000 J is a fair compromise in terms of computation time and error. Therefore, it can be
concluded that the complete fuel cell model is veri ed.
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Figure 5.12: Error in Energy Balance of fuel cell for different fuel cell Power Output for Design Condition

E In-E Out)*100
Error ﬁE( nergy In - Energy Out (5.5)
Energy In

where

Energy In= Summation of the enthalpy of H» and air going in the fuel cell, J/s
Energy Out= Summation of the enthalpy of fuel cell
by-products and Power coming out of the fuel cell, J/s







GASTURBINE MODEL

This chapter discusses the Gas Turbine model which has been used to analyze the tur-
bofan and the validation of the gas turbine model.

6.1. GASTURBINE TOOL

In order to analyze the SOFC-GT hybrid propulsion system, a robust gas turbine model
needs to be developed which can accurately calculate the Design (Sea Level Static) and
Off-Design (Cruise) properties of the turbofan engine. The requirements for gas turbine
tool are given below:

» A robust tool that can analyze the 0D Design and Off-Design conditions with the
component level analysis capability. The component-level analysis capability is
because of the changes which will be done on the components when the fuel cell
model will be integrated with the gas turbine.

» The tool should be easy to integrate with fuel cell model. The tool should provide
the manipulation capability to the developer so that the developed model can t
the developer's requirements.

» The tool should require low computation power and have low computational time.
As this study is a feasibility study, a wide range of results on the system-level needs
to be analyzed. Hence, the tool must have low computational time.

Based on the requirements presented above, there are multiple options available like
GSP [62], PyCycle [56], and many more. The author has experience with both tools, GSP
and PyCycle, and based on the experience, the author has chosen the PyCycle as the gas
turbine tool. The major reason for choosing PyCycle is its ease of use.

Even though both GSP and PyCycle are modular, the user interface and extraction of
results from GSP are not up to the mark. The user interface of GSP, as per the author's
experience, is not intuitive, especially for the engine model development. On the other
hand, PyCycle has no user interface. It consists of multiple Python modules and hence,
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is very easy to navigate. Along with this, it is also comparatively easier to manipulate the
source code and change it according to the requirements of the author. More explana-
tion on the working of PyCycle is given in section 6.1.1.

6.1.1. PYCYCLE

PyCycle, developed by NASA, is a gradient-based optimization tool for propulsion sys-
tems and has been developed with a perspective to be used as a next-generation propul-
sion system analysis tool [56]. Some of the key characteristics of PyCycle are given below.

» PyCycle is a modular and exible tool that can be used for unique architectures
like Boundary Layer Ingestion, Turbo-electric hybrid propulsion, Battery-electric
hybrid propulsion, and many more. Hence, it is perfect for the study of SOFC-GT
hybrid, which is in itself a unique architecture.

» PyCycle uses analytical derivatives for exploring the design space while using gradient-
based optimization. Because of this, the computation time is 3 orders of magni-
tude less than its predecessor, Numerical Propulsion System Simulation (NPSS),
which is an industry-standard tool for gas turbine analysis [57].

» PyCycle accuracy is very high and is within the accuracy of 0.03% when compared
to Numerical Propulsion System Simulation (NPSS) [56].

6.2. REFERENCETURBOFAN MODEL- CFM-56-5B1

This section talks about the turbofan model which has been developed in the PyCycle.
The model which has been used as a reference engine is the CFM-56-5B1 which has
been used on the Airbus A321 and Boeing 737 [63]. The reason for using the CFM-56 as
the reference engine is the availability of data for different parameters required to build
the engine model. CFM-56 is one of the most successful and researched engines and
has been used as a reference for many studies because of the availability of the data. The
side view of the turbofan model with the station numbers and component nomenclature
is given in gure 6.1. The block diagram of the reference engine model developed in
PyCycle is givenin gure 6.2

The block diagram shows all the components and modules which has been con-
nected together to build the reference engine. The black arrows show the ow connec-
tion and hence the ow path from one module to another. For example, the air is ow-
ing from Fan to Splitter where it gets separated into Bypass Bleed and Duct 21, eventually
owing into Bypass Nozzle and LPC respectively. The cooling air required to cool the tur-
bines is also shown in the diagram. The red arrows show the shaft connections in which
the LP shaftis connected to Fan, LPC, and LPT, and the HP shaftis connected to HPC and
HPT. The green line shows the connection for data that is required to make calculations
in the particular module. For example, nozzles are connected to the Ambient module
because nozzles need data like ambient pressure to compute thrust. The Performance
module shown in gure 6.2 is the module that calculates all the performance parame-
ters like Thrust-Speci ¢ Fuel Consumption (TSFC), Power-Speci ¢ Fuel Consumption
(PSFC), Gross Thrust, Net Thrust, etc.
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