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ABSTRACT OF THE DISSERTATION

Performance & Techno-Economic Analysis of Hydrogen Powered Propulsion for Flight
By
Khaled Alsamri
Doctor of Philosophy in Mechanical and Aerospace Engineering
University of California, Irvine, 2024

Professor Jack Brouwer, Chair

Aviation contributes approximately 2.4% of global CO, emissions, and with the anticipated increase
in flight demand, these emissions are expected to grow significantly, posing a major challenge for
the industry’s sustainability. Hydrogen propulsion has emerged as a promising solution to mitigate
the environmental impact of aviation by providing a pathway toward zero-emission flight.

The exploration of this potential is conducted via a multifaceted approach, encompassing the
modeling, performance analysis and retrofit of existing aircraft, the development of next-generation
configurations, and the dynamic, electrochemical modeling of conceptualized hydrogen fuel cell
powertrain. Additionally, it includes the techno-economic analysis for the transformation of
airport infrastructure to support hydrogen-powered aviation, advancing the integration of hydrogen
technologies across the aviation ecosystem. This approach ensures a holistic understanding of
hydrogen’s potential and challenges in revolutionizing the aviation sector.

The research begins with a detailed retrofitting methodology applied to a Cessna Citation XLS+,
incorporating hybrid systems that combine hydrogen combustion with Solid Oxide Fuel Cell/Gas
Turbine (SOFC/GT) technology. Technical modifications, such as designing cryogenic liquid
hydrogen tanks with optimized insulation, sizing, and center of gravity adjustments, achieve a
5% reduction in takeoff weight for hydrogen combustion and a 0.4% reduction for the SOFC
hybrid configuration, albeit with reduced passenger capacity to accommodate the tanks. These

modifications reveal critical trade-offs in aircraft design, highlighting the balance between weight

Xiii



reduction and capacity.

Building on this foundation, dynamic modeling of a Cessna S550 Citation S/II equipped with an
SOFC/GT system evaluates the system’s ability to manage real-time flight dynamics, demonstrating
efficiency peaks of up to 71.4% while underscoring the essential role of battery integration to
support rapid power needs during takeoff, descent, and landing. This study provides a valuable
contribution to understanding the integration and operational efficiency challenges of hydrogen fuel
cell systems in aviation.

The research then explores innovative Blended Wing Body (BWB) designs, specifically the BWB-365
and BWB-162 models, revealing fuel efficiency improvements of 22.7% and 28.7%, respectively,
over traditional designs. It also identifies the challenges of integrating SOFC/GT powertrains with
hydrogen storage into sized Tube-&-Wing aircraft, which may require fuselage modifications to
maintain payload capacity, offering insights into the design considerations for future hydrogen-
powered aircraft.

Further retrofit analysis is conducted on the ATR42-600, a regional turboprop, retrofitted with
hydrogen power systems. Comparisons between PEMFC, SOFC/GT, hydrogen combustion, and
battery-electric configurations reveal significant trade-offs, particularly highlighting the limitations
of battery-electric technology for regional aircraft.

The narrative culminates in a techno-economic assessment of green hydrogen supply infrastructure
at Los Angeles International Airport, projecting that advancements in renewable energy capacity
and optimized hydrogen logistics could lower the Levelized Cost of Hydrogen (LCOH) to $3.65/kg
by 2050 with a year-round hourly analysis and potentially decreasing further based on seasonal
storage methods. This comprehensive analysis provides a pathway to realizing sustainable aviation,

balancing technical feasibility, economic viability, and environmental impact.
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0.1. Nomenclature

Cp,Air

d

Mpoitorf

M filled capsule
My

n;

Maijr

Specific Heat Capacity of Air
Height of the Spherical Head

Width of Spherical Head

Radius of Inner Tank

Emission Index of Species X

Weld Efficiency

Factor of Safety

Acceleration due to Gravity on Earth
Mixing Line Slope

Cruising Altitude

Hydrogen

Heat Energy Available per Unit Weight of Fuel
Geometrical Constant

Thermal Conductivity of Insulation
Length of the Cylindrical Part of Tank
Total Length of Tank

Length of Cylinder

Lower Heat Value of Fuel

Liquid Hydrogen Fuel

Lift-to-Drag Ratio

Mass Boiloff

Mass of Filled Capsule

Mass of Hydrogen

Mass of Tank

Mass Flow Rate of Air



MH,0
msteam
MAC
NUD
P

Py

Pdes

r
ra2

Vins

TWW

Mass Flow Rate

Mass Flow Rate of Fuel
Mass Flow Rate of Hydrogen
Mass Flow Rate of Water
Mass Flow Rate of Steam
Mean Aerodynamic Chord
Nusselt Number

Pressure

Ambient Pressure at Altitude
Pressure for Hydrogen Storage
Prandtl Number

Heat Loss

Heat Transfer Rate

Radius

Radius of Inner Vessel
Radius of Outer Shell
Radius of Insulation

Range

Reynolds Number
Temperature

Outside Temperature

Inside Temperature

Outside Temperature

Inside Temperature

Wall Thickness

Wall Hemisphere Thickness

Tank-to-Wheel



Vi = Excess Volume

V; = Tank Volume

Vour = Volume Out

Viystem = Volume of tank system

WTT = Well-to-Tank

wTrw = Well-to-Wheel

Wio = Maximum Takeoff Weight

Wiuel = Fuel Weight

€H,0 = Molar Mass of Water over Mass of Dry Air
Noverall = Overall Engine Efficiency

A = Tank Sizing Constraints

Acabin = Tank Sizing Cabin Constraints

Oy = Tensile Strength of Material for Cryogenic Tank
ol = Density

Tallow = Allowable Shear Stress

(h) = Property at Altitude

(s1) = Property at Standard Temperature
(H3) = Property for Hydrogen

(%) = Per Segment

Cp.air = Specific Heat Capacity of Air

d = Height of the Spherical Head

dj = Width of Spherical Head

d, = Radius of Inner Tank

EI(X) = Emission Index of Species X

eweld = Weld Efficiency

FOS = Factor of Safety

g = Acceleration due to Gravity on Earth



Mpoitorf

M filledcapsule
My

mi

Mgir

Mixing Line Slope

Cruising Altitude

Hydrogen

Heat Energy Available per Unit Weight of Fuel
Geometrical Constant

Thermal Conductivity of Insulation
Length of the Cylindrical Part of Tank
Total Length of Tank

Length of Cylinder

Lower Heat Value of Fuel

Liquid Hydrogen Fuel

Lift-to-Drag Ratio

Mass Boiloft

Mass of Filled Capsule

Mass of Hydrogen

Mass of Tank

Mass Flow Rate of Air

Mass Flow Rate

Mass Flow Rate of Fuel

Mass Flow Rate of Hydrogen

Mass Flow Rate of Water

Mass Flow Rate of Steam

Mean Aerodynamic Chord

Nusselt Number

Pressure

Ambient Pressure at Altitude

Pressure for Hydrogen Storage



ri
r

Tins

tw

Lwh
TWW
Vi

Vi

Voul‘
Vsystem
WTT
wTw

Wio

Prandtl Number

Heat Loss

Heat Transfer Rate

Radius

Radius of Inner Vessel

Radius of Outer Shell

Radius of Insulation

Thermal conductivity of the material
Range

Reynolds Number

Temperature

Outside Temperature

Inside Temperature

Atmosphere temperature surrounding the cylinder
Convective heat transfer coefficient
Emissivity of the surface
Stefan-Boltzmann constant

Wall Thickness

Wall Hemisphere Thickness
Tank-to-Wheel

Excess Volume

Tank Volume

Volume Out

Volume of tank system
Well-to-Tank

Well-to-Wheel

Maximum Takeoff Weight



Noverall
A
Acabin
Oa

0
Tallow
On
Ost
Ony
Or

Or

O
(eq
oM

A
Atakeoff
AOA
AR
Cp
CAD

Dnac

D total

FrHRUST
GT
h

Fuel Weight

Molar Mass of Water over Mass of Dry Air
Overall Engine Efficiency

Tank Sizing Constraints

Tank Sizing Cabin Constraints

Tensile Strength of Material for Cryogenic Tank
Density

Allowable Shear Stress

Property at Altitude

Property at Standard Temperature
Property for Hydrogen

Property for tank

Property for fuel

Property for tank

equivalent

Per Segment

area

takeoff acceleration (m/s?)

angle of attack

aspect ratio

specific heat at constant pressure (J/kg-K)
computer aided design

nacelle diameter (m)

total drag (N)

thrust force (N)

gas turbine

heat transfer coefficient (W/m?-K)



L/D

LH,;

LHV

Ma

mac

MTOW
mair,compressor
mair,fuelheater
Mair,SOFC
Mcombustor
Mlexhaust
mfuel,combustor
mfuel,pump
Moss

Hsteam
Mlyyrbines

nGH,

Nu

OEW

PAX

Pr

P saturation, water
P saturation, ice
Qconduction

Q convection

characteristic length (m)

lift to drag ratio, or aerodynamic efficiency
liquid hydrogen

lower heating value (J/kg)

Mach number

mean aerodynamic chord (m)

maximum takeoff weight

air entering the compressor (kg/s)

air entering the fuel heater (kg/s)

air entering the SOFC (kg/s)

combined flow entering the combustor (from SOFC and fuel) (kg/s)
exhaust flow from turbines (kg/s)

fuel flow directly to the combustor (kg/s)
fuel flow towards the fuel pump (kg/s)
heat loss from the fuel heater (W)

steam flow towards the SOFC (kg/s)
flow from combustor to turbines (kg/s)
moles of gaseous hydrogen (mol)
Nusselt number

operating empty weight

pressure (Pa)

passenger

Prandtl number

saturation pressure of water (Pa)
saturation pressure of ice (Pa)

heat transfer due to conduction (W)

heat transfer due to convection (W)



O'radiation = heat transfer due to radiation (W)

Ototal = total heat transfer (W)

R = thermal resistance ()

Rygas = gas constant (J/mol-K)

Re = Reynolds number

SOFC = solid oxide fuel cell

TNaC = nacelle constant

Tair = air temperature (K)

Tsurface = surface temperature (K)
T&W = tube-and-wing

TOFL = takeoff field length (m)

t/c = thickness to chord ratio
Ugas = internal energy of gas (J)
Viakeoft = takeoff velocity (m/s)
Wempty = aircraft empty weight (kg)
Wryel = fuel weight (kg)

WNAC = nacelle weight (kg)

Wop. items = operating items weight (kg)
Whayload = payload weight (kg)
Whropulsion = propulsion weight (kg)
Wtructure = airframe structure weight (kg)
Wiystems = systems and equipment weight (kg)
XNAC = nacelle length (m)

ZFW = zero fuel weight (kg)

0% = climb/descent angle (rad)
€H,0 = emissivity of water

n = efliciency



u = dynamic viscosity (Pa-s)

0 = density (kg/m?)

Vv = Cell voltage (V)

Viey = Standard electrode potential (V)

R = Universal gas constant (J/mol-K)

T = Temperature (K)

n = Number of electrons transferred

F = Faraday’s constant (C/mol)

ol = Density (kg/m?)

Po, = Partial pressure of O, (atm)

Pu, = Partial pressure of H; (atm)

Pu,0 = Partial pressure of H,O (atm)

Pgtack = Stack power (kW)

n = Overpotential (mV)

Jj = Current (A)

Jo = Exchange current density (A/m?)

Cp = Constant pressure specific heat (kJ/kg-K)
Cy = Constant volume specific heat (kJ/kg-K)
Dy, = Hydraulic diameter (m)

G = Gibbs free energy (kJ)

= Specific enthalpy (kJ/mol)

he = Convective heat transfer coefficient (W/m2K)
m = Mass flow rate (kg/s)

n = Molar flow rate (kmol/s)

n = Efficiency / overpotential

Nrjow = Normalized mass flow

NrPM = Normalized shaft speed



Nu
PR

Utuel

S ref
Cp,
Cp

(o}

Chye
Cp,
Y
RPM

EFF

Tcath in

Tanode in

Tcell

1 charge

Nusselt number

Pressure ratio

Thermal conductivity (W/m-K)
Fuel utilization

Heat transferred (kJ)

Work (kJ)

Range (m)

Gravitational constant (m/s?)
Weight of fuel (kg)
Propulsion system efficiency
Fuel specific energy
Aerodynamic efficiency
Density of air (kg/m?®)
Velocity (m/s)

Drag (N)

Wing reference area (m?)
Profile drag coefficient
Compressibility drag coefficient
Landing gear drag coefficient
Induced drag coefficient
Climb angle (°)

Rotations per minute
Efficiency

Cathode inlet temperature (K)
Anode inlet temperature

Cell temperature (K)

Charging current (A)
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1 discharge

VIlOIIl

Chat
Rint

D charge
SocC
SOH

E battery
Py attery
Ncharge
Ndischarge
Crate

t charge

t discharge

Xp

Subscripts
rev

act

conc

a

C

Discharging current (A)
Nominal voltage (V)

Battery capacity (Ah)
Internal resistance (£2)

Depth of discharge (DoD, %)
State of charge (%)

State of health (%)

Energy capacity (kWh)

Power output (kW)

Charging efficiency (%)
Discharging efficiency (%)
Charge/discharge rate (C-rate)
Charging time (h)
Discharging time (h)
Performance coefficient (unitless)
Cooling coeflicient (unitless)
Hot side temperature (K)
Cold side temperature (K)
Cooling efficiency (%)
Cryocooler power (kW)

System power (kW)

Reversible
Activation
Concentration
Anode

Cathode
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isen = Isentropic

Total Annual Cost = Total annual cost (currency)

CAPEX; = Capital expenditure for component i (currency)

CRF; = Capital recovery factor for component i (dimensionless)
OPEX; = Operating expenditure for component i (currency)

mpy, = Annual hydrogen production (kg/year)

Solar_Power_GW (i)
Solar_Radiation_ W_m? (i)
solar_area

solar_efficiency
Wind_Power_ GW (i)
air_density

sweep_area
Wind_speed_m_s (i)
rotor_efficiency

Number_of Turbines

Solar power generated at index i (GW)
Solar radiation at index i (W/m?)
Solar panel area (m?)

Solar panel efficiency (dimensionless)
Wind power generated at index i (GW)
Air density (kg/m?)

Turbine sweep area (m?)

Wind speed at index i (m/s)

Rotor efficiency (dimensionless)

Number of turbines (dimensionless)
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1. Introduction and Background

1.1. Introduction

The aerospace industry & specifically the aircraft industry has been using the same fossil fuel
powered engines for decades. Whether its jet engines in a Boeing 777 or an Internal combustion
powered propeller in a Cessna 172. However, this comes at a great cost, “the EPA reports that
the aviation industry contributes 12% of the United States transportation emissions & 3% of total
greenhouse emissions” [6]. Aviation also contributed 2.4% of global CO2 emissions in 2018 [6].
The combustion of kerosene is responsible for the emission of other pollutants such as carbon
monoxide (CO), hydrocarbons (HC), nitrogen oxides (NOx), sulfur oxides (Sox), & particulate
matter. NOx, SOx, CO, HC, and particulate matter are correlated with air quality problems while
CO2 and (to a lesser extent) nitrogen dioxide (N20), and particles are correlated with climate change
[7]. As airline traffic is forecasted to increase by approximately 4% annually from 2022 to 2040,
the environmental impact and pollution levels in the vicinity of airports have escalated as pressing
concerns [8]. However, from the year 2009 to 2020 fuel efficiency of airplanes increased by only

1.5%. Hence, companies are looking for other ways to become more environmentally friendly.

For these reasons, aecrospace companies such as Airbus are set to release a commercial aircraft that
produces zero emissions by 2035. ZeroAvia has also piloted the first commercial LH2 powered
flight in 2020, with a Fuel-cell-electric-motor system [9]. These aircraft applications are (or will
be) powered by a variety of engines such as turbo-propeller, turbo-fan engines, battery & fuel cell
powered electric motor propellers [10]. In flight all these aircraft produce zero greenhouse gas
emissions. While the combustion of renewable fuels produces criteria pollutant emissions in flight,

neither fuel cell nor battery powered systems produces any criteria pollutant emissions. Upstream
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emissions of either greenhouse gas or criteria pollutant emissions for all these routes depends upon
the physics, chemistry, and dynamics of the production of renewable fuels, renewable hydrogen, and

renewable electricity.

As promising as these hydrogen dependent power systems are, it is important to acknowledge a few
of the obstacles. First, even though liquid hydrogen (at -253 °C ,1atm) has triple the gravimetric
energy density of JET-A fuel (at 15°C ,1atm) it also has almost 1/4th the volumetric energy density
[11]. This means "hydro-planes" will need much larger fuel storage space dedicated to the aircraft.
Other synthetic fuels also tend to have much lower gravimetric and volumetric energy densities
compared to petroleum distillate fuels. Other difficulties include startup time of fuel cells, the effect
of altitude on fuel cells, the emission of NOx from hydrogen combustion, storing and cooling liquid

hydrogen, etc.

Hydrogen-powered Solid Oxide Fuel Cell (SOFC) hybrid systems and SOFC/gas turbine (GT)
integrations show considerable promise in reducing emissions and enhancing efficiency, with
stationary applications achieving efficiencies of up to 75%, significantly higher than the 40—42%
efficiency of current aircraft gas turbines [12]. Hydrogen adoption as a fuel source could decrease
CO; emissions by 2% to 12% by 2050, as it primarily emits water vapor, NO,, and minimal
greenhouse gases [13]. However, this transition necessitates substantial aircraft design modifications,
including larger fuel tanks and trade-offs concerning balance and range. Key challenges include
hydrogen storage and cooling, NO, emissions reduction, and aircraft adaptation to alternative
fuels. Addressing these issues requires integration analysis for conventional aircraft, exploration
of innovative designs such as Blended Wing Body (BWB), dynamic modeling of hydrogen power
systems, and extensive research to validate the feasibility of hydrogen-based technologies under
varied flight conditions. This dissertation aims to facilitate the shift to sustainable aviation by

proposing solutions for implementing hydrogen in aircraft propulsion.
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1.2. Background

1.2.1. Investigation into hydrogen use in aviation:

Hydrogen in application

Research into the combustion of hydrogen and synthetic e-fuels in aviation gas turbines has been
ongoing. However, the incorporation of hydrogen fuel cells into aviation is more recent, as their
efficiencies have only lately become practical for aviation applications. E-fuels leverage the historical
advancements of gas turbines, needing only incremental modifications for integration. Yet, the
application of both fuel types is still in developmental stages, requiring further research for their
safe flight incorporation. This study will scrutinize and model the key parameters that affect
the reliability of aircraft utilizing these fuels. In aviation, mass is a limiting factor; hence, the
unsuccessful adoption of lithium-ion batteries for larger aircraft contrasts with their prevalence in
electric vehicles. Hydrogen’s gravimetric energy density, at 2.6 times that of conventional Jet-A
fuel used in aviation, suggests that a hydrogen-fueled aircraft could theoretically be lighter than its
kerosene counterpart [7] The practical total weight, however, is influenced by the storage technology
implemented, which yields less optimistic figures. Meanwhile, as green hydrogen production
becomes more cost-effective with advancing technology, and oil prices are projected to rise due
to growing energy demands, green hydrogen emerges as a viable contender to reduce fossil fuel
dependence and mitigate environmental impact. Yet, the integration challenges are formidable.
With liquid hydrogen at -253°C and 1 atm having a volumetric energy density four times lower
than Jet-A fuel at 15°C and 1 atm, the resulting design may require larger aircraft or reduced cargo
capacity [7]. The additional weight from more complex fuel systems and heavy storage tanks in
fuel-cell applications dilutes the advantage of hydrogen’s lower mass. The necessary reconfiguration

for existing aircraft production demands significant investments and policy backing.
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1.2.2. Bottom of Form Zero emission Commercial Aviation

As of late 2023, the aerospace industry is advancing toward zero-emission flight with key players
developing varied sustainable technologies. Airbus’s ZEROe project aims to launch hydrogen-fueled
aircraft with modified turbines by 2035, representing a significant evolution in engine technology.
Boeing is exploring electric propulsion and sustainable fuels to mitigate aviation’s environmental
impact, with timelines for commercial release still under development [10, 14]. Meanwhile, ZeroAvia
focuses on hydrogen-electric engines for regional planes, anticipating market entry by the mid-2020s
after successful prototype testing. Pipistrel has already introduced the Velis Electro, the first electric
plane certified for training, evidencing the viability of electric powertrains in aviation. Meanwhile,
Universal Hydrogen is progressing with hydrogen retrofit kits for turboprops, targeting a 2025
commercial release. This movement toward eco-friendly aviation reflects a growing commitment to

reducing carbon emissions through innovative engineering solutions.

It’s important to note there’s a diverse class of commercial aircraft technologies, each facing a
different set of difficulties with integrating low emission powertrains. Smaller, short-range airplanes
include piston aircraft, turboprops, electric-propellers and jets. Higher volume, longer range aircraft
include Narrow & wide body airliners, and military aircraft. Mid-range aircraft usually are classified
as passenger jet or Private jets. That being said, the trajectory of aerospace enterprises indicates a
focus on developing large, sustainable aircraft by industry giants like Airbus and Boeing, primarily
driven by sustainable fuel sources and hydrogen combustion technologies. In contrast, aecrospace
startups such as ZeroAvia and Universal Hydrogen are concentrating on the niche of 19-seat aircraft,
leveraging Proton Exchange Membrane Fuel Cells (PEMFC), which are currently more prevalent in

commercial fuel cell applications.
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1.2.3. Hydrogen vs. Kerosene Combustion

Many studies credit LH2 as a possible replacement to Kerosene based jet fuels. The primary reasons
for replacing conventional fossil fuel include GHG and criteria pollutant emissions reductions
and primary energy resource sustainability. There is also a finite amount of fossil fuels that is
non-renewable and will eventually run out. Nevertheless, 95% of hydrogen in the world is formed
by reforming natural gas (Gray hydrogen) via steam methane reforming (SMR) method. Using Gray
hydrogen means hydrogen-powered airplanes will still be responsible for certain GHG emissions &

criteria pollutants.

Renewable & green hydrogen can be produced via electrolysis (splitting water molecules into H, &
% 0O,) powered by renewable energy. Renewable hydrogen can also be made via biogenic routes
(biomass gasification). However, biomass gasification can still be responsible of GHG emissions
that can be reduced by crops that offset CO,. Waste streams must be managed & some of the organic
waste can be converted to other fuels (including hydrogen) for this process to be as environment
friendly as possible. The inconvenience is green hydrogen costs $3-7.50/kg (IEA, 2018) while gray
hydrogen from SMR costs $2/kg in the USA.

According to a detailed analysis done by [7] it was claimed that for a redesigned Airbus A319-100.
“Replacing kerosene with LH, combustion reduces CO; emissions by 140 kg CO,/MWh for hydrogen
produced using low carbon sources”. Hydrogen combustion still emits NOy, but in lower levels than
kerosene. Hydrogen properties requires the redesign of many components of an aircraft engine.
These changes include a “shorter combuster, changes to fuel system components, pump, supply
pipes, control valves, and adding heat exchanger to heat the cryogenic liquid before combustion”
[7]. These changes for a hydrogen GT are estimated to reduce engine size by 25% compared to
the conventional kerosene-fuelled GT’s we have today. Hydrogen would also need to be stored in
Liquid phase which requires cryogenic temperatures much lower than Kerosene. Pressurized & well

insulated tanks are required for hydrogen, meaning kerosene tanks can’t be repurposed.
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Hydrogen has a faster flame speed vs. Kerosene, meaning a shorter combustor that requires less
cooling & hence a lighter, smaller engine is possible [7]. Other alterations should be done for a
LH2 engine to the “fuel system components, pump, supply pipes, control valves, and adding heat
exchanger to heat the cryogenic liquid before combustion” [7]. These changes to a hydrogen GT
are estimated to reduce engine size by 25% compared to the conventional kerosene-fuelled GT’s
[15]. Hydrogen would also need to be stored in Liquid phase which requires cryogenic temperatures
much lower than Kerosene. Pressurized & well insulated tanks are required for hydrogen, meaning
kerosene tanks can’t be repurposed. A performance comparison done by (Corchero & Montanes,
2005) between kerosene & hydrogen on a Tu-324/414 aircraft powered by two Rolls-Royce BR710-48
turbo-fan engines, shows a decrease in specific energy consumption of 1.73% at sea level static and
1.06% at cruise phase (36,000 ft & Mach number = 0.8) for hydrogen. The surprising increased
performance for hydrogen is credited to decreasing mass flow, decreased mass & changes in fuel
composition during combustion [16]. Hydrogen also has a 37K lower Turbine inlet temperature

which means longer engine life and lower maintenance costs.

According to most data hydrogen combustion aircraft favors long range, high payload & volume
because storing hydrogen will require 4 times more space and hence it makes more sense if integrated
into larger aircraft. Research into the safety of hydrogen shows it can be safely contained, and
gaseous hydrogen at latm can be safer than kerosene if it leaks as it evaporates & rises away rather
than forming a burning carpet like kerosene [11]. An assessment in [17] shows in which safety
parameters hydrogen loses & outperforms kerosene; no clear winner declared. In general, safely
storing, handling & transporting hydrogen is no longer a problem [18]. More research needs to
be done for hydrogen’s infrastructure & lowering green hydrogen’s cost as well as its hydrogen
combustion safety & stability in GT jet engines. This dissertation will also help determine if
hydrogen combustion is the better option moving forward or hydrogen fuel cells that have increased

efficiency and lowered cost in the past years.
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1.2.4. Alternative Hydrocarbons

Hydrocarbons, which include Biofuels and synthetic fuels are the carbon neutral options that are
most widely deployed in the present time, due primarily to nearly “drop-in” performance in current
commercial aircraft. That is, very few modifications to the fuel storage, transport, and GT engine
conversion components are required to use these fuels. Biofuels (Methanol, ethanol, etc.) or BTL
(bio to liquid) are fuels derived from biomass such as feedstock usually using the Fischer-Tropsch
process (produces liquid hydrocarbons using a mixture of CO & Hj) [11]. Biomass fuels can
reduce CO, emissions in flight by up to 94% [19]. Synthetic fuels or PTL (power to liquid fuels)
are hydrocarbon fuels that can be carbon neutral if green Hy & CO from sustainable sources are
used. Some of the conversion methods used are methanization, electrolysis, Haber-bosch, etc [20].
Though, synthetic fuels have lower production efficiency & would consume more renewable energy
to make than green hydrogen [19]. Literature shows that BTL is better in the short-term & PTL in the
long term. However, biofuel systems require a costly investment for the transitioning infrastructure.
Also, biofuels might have some potential if mixed with kerosene but otherwise its unsustainable
due the amount of land that would be required. For reference, a mixture of 15% soybeans biofuel
(SEM) with Jet-A requires a farming land the size of Florida for the USA fleet alone [15]. That’s

why, a better plan is to prioritize synthetic fuels from inception [20]. Synthetic fuels from coal, gas,

Hydrogen

Carbon Fatio that result in

or feedstock that go through the Fischer-Tropsch process have higher
lower emissions [15]. These fuels are beneficial when used as drop-in fuels into existing gas turbine

technology as they mimic kerosene combustion & require little to no adjustment.

For the meantime many countries are looking into mixing these hydrocarbons with Kerosene to
lower GHG emissions. E-kerosene or synthetic kerosene is a sustainable aviation fuel (SAF) that
can be mixed with kerosene to reduce GHG emissions by as much as 80%. However, cost, low
production and the fact that renewable energy may be used only to various degrees in the upstream
production processes, and that criteria pollutants may also be emitted in upstream processes are

hurdles facing the application. Countries such as Germany have already put plans to integrate

19



e-kerosene into their aviation industry.

Furthermore, more options exist like liquified hydrocarbons, liquified propane, butane, petroleum
gases, dimethoxymethane (DMM) & synthetic Dimethyl ether (DME). However, these gases have
storage issues similar to cryogens. Additionally, the alcohols methanol & ethanol are an option for
aviation fuel, but they have very bad heats of combustion that make them unfeasible. For example,
ethanol has 60% & 64% lower volumetric & gravimetric energy densities. Fuel consumption would
increase by 15% for a 926km flight & 26% for a 5,556km flight [15]. Making it especially unfeasible

for long range.

Moreover, all hydrocarbons have a great disadvantage against hydrogen because of the direct CO2
emissions that must either be captured out of the air, or somehow recycled into the production stream
(e.g., via plant photosynthesis) to close the carbon balance. There are methods that hydrocarbons
can be made with low emissions such as using green hydrogen. However, full combustion of
hydrocarbons still releases water & CO2. Additionally, incomplete combustion, is the bigger
problem as it releases many more polluting gases. A few of those toxic pollutants are CO, NO,
SO2 and other organics like benzene & acetone that harm human health. Even with the most
modern, advanced and low-polluting of combustion technologies, these pollutant emissions cannot

be completely eliminated.

1.2.5. Fuel Cells in Aviation

Fuel cells integration into flight is the least developed in green aviation. Now with increasing cell
efficiency, decreasing cost of cells & green H2, fuel cells (FC) show great potential in aviation.
Most importantly, green hydrogen powered FC produces zero GHG emissions or pollutants, unlike
hydrogen & hydrocarbon’s combustion. Two main types of fuel cells are Proton exchange membrane
FC’s (PEM) & solid oxide FC’s (SOFC). Both FC’s can run at efficiencies up to 60%. However,

Literature shows that both fuel cells lose efficiency with altitude. That is the greatest disadvantage
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to fuel cells in aviation.

Proton Exchange Membrane Fuel Cell

Low temperature PEM (LT-PEM) has an operating temperature of 80-120°C and 90-260°C (~160°C
optimal) for high temperature PEM (HT-PEM). PEM can’t operate at higher temperatures due to
structural limitations of the membrane. Electrical efficiencies are around 40-60% & 50-60% for
LT & HT-PEM respectively. Literature shows there’s a positive correlation between operating
temperature of a FC & efficiency, giving HT-PEM the upper hand. That is since heat production
is positively correlated to rate of reaction in the FC. HT-PEM also has a higher tolerance to CO
content in hydrogen feed, making refueling less complex. It also has good heat releasing systems and
less/no humidification required. LT-PEMFC on other hand has features like high gas permeability
resistance & is more developed and cost effective [21]. Moreover, since PEM-FC also operates at
lower temperatures than SOFC, they have faster start-up times as low as seconds. However, PEM

fuel cells are restricted to pure LH; unlike SOFC.

Performance of PEM-FC is related to many factors, including "load current, temperature, relative
humidity, membrane thickness, membrane-active area, electrode active area, corrosion, purity,
pressure, and concentration of hydrogen fuel" [21]. Fuel cell efficiencies drop when voltage drops
due to "Activation, ohmic and concentration losses" [21]. In aviation, temperature, pressure &
humidity are conditions to be controlled to maintain normal performance levels. Data shows
increasing temperature increases efficiency, power, voltage, leakage current & decreases mass
crossover & durability [21]. Voltage proportionality with temperature is governed by the Nernst
equation. However, temperatures higher than optimal temperature could mean a drop in efficiency
and durability. Power production increases by 16% for a temperature change from 50-80°C in a
PEM-FC [21]. PEM-FC Temperature drops by about 1.7°C for every 1000ft and remains constant

past 36,0001t elevation at the "Tropopause" [21].
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Pressure is more critical to FC powered aircraft in flight at high altitudes, PEM included [22].
Literature, including ones published by NFCRL at UCI, have showed there’s almost an immediate
decrease in output voltage with an increase in altitude and drop below atmospheric pressure [22].
Stack voltage drops by about 43% at 35,600ft. Most performance loss is due to activation losses.
However, parameters like airflow can have positive impact at above sea level altitudes. There’s
also a surprising, insignificant, and positive effect on performance with decreasing pressure at high

external resistance (90 Q) - (low FC load).

Humidity is another factor to be controlled during flight that affects performance. Without
reactant gas humidification, the FC membrane will be dehydrated resulting in high ohmic losses &
could potentially damage the membrane. PEMFC operating at high temperature results increased
performance but also requires a high relative humidity (RH>80%) to maintain performance [23].
Experimental results show that “reducing RH decreases efficiency by increasing membrane resistance,
decreasing proton activity in catalyst layers, reducing the electrode kinetics, and increasing the gas
mass transfer resistance. For example, “maximum power density dropped from 0.57 to 0.14 W/cm?
when the RH was changed from 100 to 25%, for a PEMFC with Nafion 112 membrane operating at
120C, 1atm.
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Fig. 1.1 Schematic of a PEMFC-based hydrogen powertrain system with integrated LH2
storage, fuel processing, and air management.

So far LT-PEMFC has been doing well in the automotive industry due to its low operating
temperatures and high power density compared to other fuel cell types. It’s interesting to see if the
same model can be applied in low altitude aviation. Figure 1.1 showcases of conceptualization of

PEMFC powertrain system.

Solid Oxide Fuel Cell

SOFC has an operating temperature of about 500-1000°C & electrical efficiency can reach 60%.
Since its operating at a much higher temperature than PEM, this is also reflected on cost due to the
thermally challenged materials required [24]. The two main types of SOFC are planar & tubular.
"Planar SOFC is most common due to its lower cost, higher power density & ease of gas flow
management" [24]. "Tubular SOFC has good resistance to thermal stress; but has high cost and low

power densities that limit it to small scale power applications" [24].

SOFC’s performance also degrades with altitude like PEMFC. Experiments done at APEP (UCI)

show that voltage output drops by 16% when pressure is dropped from 25kPa to 7kPa [19]. The
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high operating temperature of SOFC also means long start-up times and other thermal stress issues.
Thermal expansion properties of the cell require uniform heating of the FC, otherwise thermal stress
can develop. This limits the heating rate & thus start-up time of the cell. SOFC average startup
time is 5-20 minutes but can reach to an hour depending on stack size and stacking geometry [24].
Planar geometry has slow startup time, but geometries like micro-tubular SOFC can cut the time
from an hour to minutes. Yet, start-up time is less critical in flight than it is in automobiles or grid

stabilization.

Hydrogen Fuel Cell/Gas Turbine Hybrid System

The high operating temperature of SOFC or molten carbonate FC allows the application of a hybrid
system that converts FC waste heat to electric power that can be used to pressurize a fuel cell [25].
Electrochemical energy that isn’t converted into electric power in a fuel cell due to losses results in
waste heat. This waste heat can be used to power bottoming cycle engines, a GT included. An FC
can be placed upstream of the turbine (topping cycle) or downstream (bottoming cycle) [25]. The
FC/GT hybrid can use an SOFC waste heat, convert it to electrical power via a GT/generator, which
can power a compressor to keep the SOFC at higher operating pressure. An example hybrid system
modeled by [26] for aerospace applications consists of an “SOFC, steam reformer, compressor,
turbine, several heat exchangers and pumps". A slightly different configuration by [27] adds an
oxidizer for gases leaving the SOFC, entering the GT. Air is first taken into a compressor & split
into 2 streams, first stream moves through SOFC Heat-exchanger (HX) & into the cathode. The
2nd stream goes into a reformer HX, then into the reformer. Fuel also goes into the reformer, the
resulting reformant (usually H2 & CO, depending on fuel), go into the anode. The combined anode
& cathode exhaust enters a combustor (to burn remainder anode-gases). Combustor exhaust enters
an air HX & then water HX, before entering the turbine & expanding. The turbine then powers a
high efficiency generator. The power from the generator can be used to power a compressor that

increases pressure in the SOFC [26] [27].
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As seen above, high temperatures of SOFC can be a blessing for aviation applications, especially on
bigger airplanes that have volume & mass for this system. Unfortunately, even HT-PEM (90-260C)
doesn’t have high enough temperatures to power a FC/GT hybrid. This makes SOFC a more effective
application in high range, payload & altitude applications. The cell voltage of SOFC is governed by

the equation below [28].
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1.2.6. Battery-Electric Aircraft

Battery-electric propulsion converts electrochemical potential in charged batteries to power a high
efficiency electric motor. This makes them very efficient propulsion systems with efficiencies
up to ~90%. Batter-electric also allows achieving zero GHG emissions & criteria pollutants if
renewable energy is used to charge the batteries. Moreover, electric aircrafts have been vastly
researched in efforts to replicate the electric automobile’s success story. Many companies have
already developed & tested electric airplanes. Some of those efforts have been successful but limited
to small, short-range airplanes. That is mainly due to the low gravimetric & volumetric energy
density of batteries. Their application in larger aircraft will require large batteries with a very high
mass that makes long-range flight unfeasible. For example, a jumbo jet like the Boeing 777 would
require around 4.5 million kg’s of batteries (212 Wh/kg energy density) for a 10-hour flight; that
is equivalent to 13 times the take-off weight of the conventional B777 (for the batteries alone).
This means that the state of art (SOA) battery technology isn’t there yet for long-range aircraft
applications. That is unfortunate because 98% of aviation CO2 emissions is released by airplanes
with take-off weight above 25 tons [29]. That would include single-aisle, twin-aisle long-range
airplanes & mid-range airplanes like regional jets & business jets. Additionally, the global power

grid CO2 emissions per kW, is significantly higher than what conventional airliners emit today,

25



and is expected to do that for at least 25 more years [29]. Hence the application of battery-electric
technology onto smaller aircraft "today" would have minimal impact on aviation GHG emissions,

especially on a global scale & in countries with conventional power plants.

In an analysis done by [29] on electric propulsion commercial airliners, it was concluded by the
model that the energy & power density of the batteries would need to increase by multiple factors to
fly the same range. For example, "an electric propulsion system with a gravimetric power density of
12 kW/kg and batteries with 1500 kWh/kg, a range of 300 km is conceivable on an aircraft the size
of a B737 or A320". Moreover, the analysis also explores hybrid-electric & turbo-electric systems,
where a conventional gas turbine connected to a generator that powers electric motors that drive an

aircraft propulsor.

Hybrid-electric allows the gas turbine to power a propeller and power a generator-electric-motor
setup at the same time. Hybrid-electric also introduces the idea of energy storage using batteries that
can be charged from the grid, reducing fuel consumption. The use of turbo-electric configurations
allows regeneration features, noise reduction, energy substitution and load balancing [29]. However,
Turboelectric configurations researched so far show little impact on GHG emissions and increases
cost. Lithium-ion batteries ( 100-265 Wh/kg and 250-680 Wh/L) are currently the cell of choice
in aviation applications since they have the highest gravimetric power and energy density of any
common battery today. It is projected that Li-ion batteries will reach 750 Wh/kg by 2035. Small two-
or four-seater electric airplanes today operate at energy densities of 250-270 Wh/kg. For comparison,
the Tesla model 3 has an energy density of 260 Wh/kg. For small aircraft applications, a modeling
analysis done by [30] compares a conventional [.C. Cessna 172 (small aircraft, short-range) with
a battery-electric design powered by a YASA P400 electric motor. The battery-electric aircraft
(200 Wh/kg battery) achieved a peak range of 187 km (at a speed of 45 km/hr), while the kerosene
( 12,000 Wh/kg) powered aircraft achieved a range of 2329 km (at a speed of 60 km/hr). The range
of battery-electric increases with increasing battery energy density, achieving up to 1000 km for

an 800 Wh/kg battery. This shows that battery-electric aircraft must operate at lower speeds, have
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higher mass (330% higher), and use energy densities higher than the state of the art (800 Wh/kg) to

achieve about half the range (1000 km) of a small conventional aircraft.

1.2.7. Transitioning to Hydrogen Propulsion

Adopting a hydrogen propulsion system in aviation necessitates significant redesigns of traditional
aircraft structures. Retrofitting current models with new hydrogen technologies is feasible, albeit
with certain drawbacks. Initially, retrofitting may be the most practical strategy, but future aircraft
designs, like the blended wing body, offer greater flexibility for integrating new components such
as cryogenic hydrogen storage, fuel cells, and heat exchangers, alongside existing systems like
auxiliary power units, compressors, and propellers. On the other hand, substituting fossil fuels with
synthetic hydrocarbons can be done with minimal adjustments to the current aircraft infrastructure,
affecting only fuel expenses, energy density, and operational range. Conversely, battery-electric
aircraft require extensive modifications akin to hydrogen fuel cell systems due to their reliance on
electric propulsion, necessitating greater power output for takeoff due to the low energy density of

lithium-ion batteries.

Hydrogen Tanks

Knowing the gravimetric & volumetric energy densities of both kerosene & hydrogen; we see
that one of the critical components of a hydrogen aircraft is redesign of the tanks. Due to the
high pressure & cryogenic temperatures, LH2 tanks are assessed to be 12cm thick with a mass of
10kg/m?; This includes insulation & structure for an aircraft design to fly at 20,000-25,000 altitudes
[11]. However, there’s more to deigning an aircraft tank than these constant values. First, there’s
an integral & non integral tank structure [31]. Integral integrates the airframe of the aircraft &
supports any loads that may come with it, which is preferred. The non-integral is separate from the
airframe and supports only internal pressure & dynamic loads. In medium range passenger aircraft,

a non-integral design is recommended where small tanks could be placed above passenger cabins &
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one big tank at the rear end. These could result in 9-16% [32] increased fuel consumption fuel if this
top-tank design is used because these types of tanks are heavier. In contrast, integral tanks (suitable
for large aircraft), can increase efficiency by 12%. Therefore, many researchers conclude hydrogen
combustion is optimal in long-range large aircraft. There are other factors to designing a tank such
as storage density, shape, internal & external changing pressures, material & position/placement on
an aircraft (mass distribution). Another interesting, though not efficient way of storying hydrogen
on aircraft is via metal hydrides, where it can be released by increasing temperature or decreasing

pressure.

In comparison with kerosene tanks, Liquid hydrogen systems have 2.35 times better storage density.
On a modeling analysis done by [31]; when fueled the hydrogen & kerosene tank systems weigh
2988kg & 9187 kg for the same range [31]. This gives hydrogen storage systems a competitive
advantage. However, volume occupied for the same mass is nearly 3 times for hydrogen tank systems.
Overall, it seems harder to universalize hydrogen tanks like we’ve done for kerosene due to the more
parameters effecting it; this typically consequences in oversizing the system due to insulation &
safety concerns. This disadvantage could be minimized & motivates more research into the full
propulsion system rather than just one component & with original design tactics. Additionally, fuel
cells higher efficiency (up to 60% compared to GT 40%) is a factor that should be considered due to

lower fuel consumption & hence less storage required.

Components effected

Changing the design of one component in an aircraft has repercussion & requires even further changes
in design. For starters, hydrogen tanks being heavier, larger tanks require a heavier, larger fuselage.
The fuselage is on average 6% heavier in such an integration of hydrogen into existing aircraft. In
the case of the redesign of a hydrogen ATR-72 freighter aircraft, the fuselage was extended by 3.8m
to house 2 big tanks [11]. Also, for passenger aircraft, kerosene tanks are traditionally placed in the

wings. With LH2, that’s hard to do unless many small tanks are used, or a blended wing aircraft is
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used. Hence, wings in a hydrogen aircraft can be made smaller and even a bit heavier to augment
structural integrity. These changes can negatively affect aerodynamic efficiency. They also lead
to an increase of mass that nearly diminishes the lower mass advantage hydrogen storage systems
have over kerosene. Furthermore, hydrogen isn’t necessarily a drop in fuel like hydrocarbons can
be. Hence, changes to a conventional engine need to be made to manage the different properties of
hydrogen combustion. Hydrogen engines can be smaller, especially for long-range aircraft. Overall,
these changes along many others, estimate production & maintenance costs to be 25% higher [32]

than current aircraft design when hydrogen technologies such as combustion or fuel cell are used.

1.2.8. Operational Cost and Range Comparisons

The current theory about hydrogen applications in aviation can be categorized into long-range, large
aircraft (for LH2 combustion) & short/medium-range small aircraft (for LH2 FC) [32]. Battery
electric is only feasible in the small-short-range aircraft segment. Whilst Synthetic Hydrocarbons
can have similar properties to kerosene & hence would work well to replace any segment. It seems
more reasonable for synthetic fuel systems to focus on long-range, passenger aircraft since that’s

where hydrogen struggles today due to design & safety restraints.

A design study done a Boeing 737 also validates that hydrogen combustion is better in long range.
The study showed that energy efliciency decreases by 28% for a 926km trip & by only 2% on a
5,556km trip [15]. The same study showed that a modified LH2 combustion aircraft would be 5%
lighter, with 5% smaller wings. Hydrogen combustion range & cost is also compared to kerosene in a
freighter aircraft [11]. The Range that hydrogen combustion propeller system provided was 1600km
compared to 4100km for a kerosene propellor system at maximum payload (8094kg) [11]. The
data showed propeller systems provide slightly longer range over jet systems. The DOC (directing
operating cost-$/ton-km) is fortunately only 2-3% higher for hydrogen. However, green hydrogen is
not used here. The cost of fuels in the reference mission is $1.7/kg for hydrogen & $0.57/kg for

kerosene. Green hydrogen from electrolysis via renewable energy can be anywhere from $3-15/kg.
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Hence, cost of the same mission would increase considerably.

On the other hand, battery electric is shown to show highest potential in small aircraft, short range
segment. That’s due its low gravimetric & volumetric energy densities. Similarly, H2 Fuel cells
aren’t normally correlated with long range or large aircraft. That is since long-range usually means
high altitude & low pressure (lower efficiency). A generally true statement is that fuel cells have
higher potential in lower power aircraft. FC’s also show lower efficiency in high throttle scenarios,
in contrast with GT’s efficiency that shows proportionality with maximum power rating. Thus, this
could be another reason FCS performs better in short range, small aircraft. Nonetheless, FC’s can
have some sort of a positive relationship with range. Since if the same FCS mass is maintained,
higher range means mass of FC becomes less dominant. Fuel cells also become very heavy when
powering large aircraft. Current FCS technology have an estimated weight of 1.6kW/kg for the FC &
5.8kW/kg for the electric motors [33]. For reference, a study mission done on a conventional airbus
A320 has 9187kg fuel storage system (6980kg is kerosene), 233 1kg/engine for the two CFM-56-5A3
jet engines [33]. Hence the total mass would be 13,849kg for a flight that requires 27.6MW of
power. In comparison, a FCS with current technology would result in double the mass (25,028kg)
for the same flight & power requirement. A lot of it also has to do with the tanks & fuel cell mass.
The electric motors (4758kg) aren’t much heavier than the jet engines (4662 kg), and electric motor
power-to-weight ratio is only expected to get better as the industry invests in them. Fortunately,

Fuel-cells mass are also expected to decrease by 22% in the future [33].

The Future of flight: Hydrogen vs. Kerosene Cost Implications

A study done by [19] In 2020 compares a A320/A320neo (short-range) & A330-300 (medium range
aircraft that run on kerosene & hydrogen. Both scenarios are in 2035 & use literature predications
to estimate the increased performance characteristics. The propulsion efficiency of all 4 aircraft
is around 40-42%. All aircraft are also designed to fly the same range 1500 & 4000 nm (nautical

miles) for short & medium range respectively. Number of passengers is also the same (180 & 290)
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and the cruise Mach number is 0.78 & 0.83 for short & medium range respectively. Green hydrogen
cost in 2035 is used. The result is that for short-range-H2 propulsion, energy demand is 12% higher
& the direct operating costs (DOC) is 6% higher. For medium-range-H?2 aircraft sees an increase in
energy demand by 18% & 10% increase in DOC. The increased energy demand for H2 aircraft is
majorly due to the longer fuselage, less aerodynamic design that is caused by changes in tank design
& other components due to the snowball effect. The Air-freighter mission [11] study showed only
an increase of 2-3% in DOC from its kerosene competitor & with modern day technology. However,
that mission study was long-range (where H2 combustion performs better), used gray hydrogen
(cheaper), and had much lower range and cargo space than kerosene. The results from [19] are more

realistic if the exact same flight is to be replaced by hydrogen aircraft.

Moreover, [19] compares cost of green hydrogen “delivered" with kerosene in 2035. Kerosene is
predicted to be $1.7/kg. hydrogen costs range from $1-4.3 in the optimistic scenario, $2.8-7.3/kg
in base scenario, and $4.6-11.8/kg in pessimistic scenario. Also, [19] shows the cost breakdown
for hydrogen delivery infrastructure to airports. Where “60% is hydrogen production, 31% for
liquification, 4% for LH2 storage, 3% transportation & 2% for airport refueling. In the best-case
scenario of delivered LH2 cost in 2035, total DOC could slightly decrease for both aircraft. However,
DOCtotal may also increase by 10-70% or 15-102% for short & medium range aircraft respectively.
This concludes that the hydrogen aviation economy highly depends on cheap hydrogen production

& delivery infrastructure to be feasible.

1.2.9. Retrofitting Aircraft with Hydrogen Technologies: Numerical Insights from Literature

Recent studies on retrofitting existing aircraft with hydrogen technologies provide a quantitative
basis for assessing the feasibility and impact of such modifications. For example, Abu Kasim et al.
[34] designed a retrofit for the Cessna 208 Caravan using a Proton-Exchange Membrane Fuel Cell
Power System (PEM-FCPS) powered by liquid hydrogen. This system, which incorporates four 140

kW Ballard PEMFC stacks and two Garrett G25-550 turbochargers, achieved a 43% efficiency and a
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hydrogen consumption rate of 28 kg/h over a 1.5-hour flight (350 km). The retrofit demonstrated
reliability with a failure rate below 1.6 per million hours, comparable to commercial jet engines,

highlighting its viability for short-range, small aircraft.

Further, findings from Hypoint and Massaro et al. [35] suggest that by 2025, a regional aircraft
retrofitted to carry 75 passengers over 800 nautical miles could be viable with a PEMFC powertrain
at 3 kW/kg. However, this would result in a 2.21% increase in energy requirements and a 26%
increase in maximum takeoff weight (MTOW) compared to conventional aircraft, showcasing the
trade-offs associated with hydrogen retrofits. Despite these increases, PEMFCs have demonstrated

efficiencies exceeding 50%, with potential for further optimization.

The study by Rupiper et al. [36] explored retrofitting aircraft with flame-assisted Solid Oxide Fuel
Cells (SOFCs) integrated into a gas turbine system. This configuration reduced the need for external
heating and achieved a 24.5% increase in overall system efficiency compared to conventional gas
turbines. Additionally, the SOFC retrofit yielded up to a 62% reduction in NOy emissions and a

7.1% improvement in block fuel burn [37].

1.2.10. Hydrogen blended wing body aircraft

In the context of sustainable aviation, blended wing body (BWB) aircraft have demonstrated
significant potential, especially when paired with hydrogen propulsion. For instance, studies like
that of Adler and Martins highlight the capacity of hydrogen-powered aircraft to achieve greater
climate impact reductions at lower costs compared to biofuels. Although hydrogen requires a higher
storage volume, the BWB configuration is considered particularly efficient for accommodating large
fuel tanks. When comparing optimized kerosene and hydrogen versions of BWB and traditional
tube-and-wing (T&W) aircraft, the study finds that a hydrogen-powered BWB incurs a 3.8% energy
penalty relative to its kerosene counterpart, whereas the T&W hydrogen design faces a 5.1% energy

penalty compared to its kerosene equivalent. Karpuk et al. [39]focus on the environmental impact.
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They demonstrate that hydrogen-powered BWB aircraft can reduce CO2 emissions significantly
compared to kerosene-powered models: by 15% and 81% for blue and green hydrogen, respectively,
and by 44% and 88% when compared to a conventional B777-300ER aircraft. These findings are in
contrary to most literature and makes this area of research inconclusive. Further research by Valencia
et al. examines a hydrogen-powered hybrid gas turbine and solid oxide fuel cell (SOFC/GT) within a
Turboelectric Distributed Propulsion system based on the NASA N3-X blended wing body planform
[40, 41]. This study reveals that using liquid hydrogen in this configuration could potentially reduce
Thrust Specific Fuel Consumption (TSFC) by 70%. However, it also identifies significant challenges,
including hydrogen storage issues and a 40% increase in propulsion system weight due to the
incorporation of fuel cells [40]. In summary, the integration of hydrogen powertrains in BWB
aircraft, as demonstrated by these studies, offers a promising avenue for the aviation industry to
reduce its environmental impact and improve energy efficiency. My dissertation contributes to
this field by focusing on the practical aspects of conceptualization, design, application, and impact

assessment of these innovative hydrogen power systems.

1.2.11. Dynamic modeling for SOFC/GT for flight

Dynamic models for SOFC/GT have been developed and tested through a modeling framework
reported by Rossi et al. [42], and via a pressurized ground simulation by Roberts and Brouwer [43],
which could portray the system behavior at different pressures/altitudes of flight conditions. Mueller
et al. [44] demonstrated a control design strategy for a bottoming SOFC/GT system. Pourabedin
& Ommi employed a dynamic modeling approach to study the behavior of an auxiliary power
unit (APU) system for a regional jet aircraft comprising a planar SOFC system with a jet fuel
external reformer [45]. The duration required for these dynamic operating conditions can range
from several seconds to minutes, influenced by the fuel cell type and operating scenarios. To ensure
hybrid SOFC-GT system viability within these parameters, a control strategy tailored to its dynamic

stability is imperative. Chakravarthula studied an SOFC (with microtubular structure)/GT system
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performance for aviation applications [46]. This work demonstrated that, through a simple enthalpy
comparison, an SOFC/GT system can achieve approximately 24% higher efficiency compared to a
conventional turbo-generator system. Previous research indicates that SOFC systems, sometimes
including some battery energy storage have evolved to feature highly dynamic operation, with
transient response time now aligning closer to traditional power systems, enhancing the SOFC-GT
system performance and potential for use in aircraft. For instance, Zhang et al. [47] reported a rapid
turndown response of 48.4% in just 10 s for a 373.6 kW system. On the other hand, Ahrend [48]
observed a significant turndown of 66.2% over approximately 40,000 s for a 3,310 kW system that
was not designed for rapid response. Similarly, ramp-up times vary, with Ferrari et al. [49] noting a
20.1% increase in load within 900 s for a 278-kW system. On the larger scale, a study by McLarty
[50] showed a 10% load increase for a 100 MW system over 120 s. These previous studies suggest a
need for advancement and design of control strategies and advancement in the dynamic response

capabilities of larger power systems to match the agility seen in kW-scale counterparts.

1.2.12. Hydrogen airport infrastructure

Accordingly, it is estimated that hydrogen-powered aircraft could make up almost 13% to 32% of
the world aviation energy demand by 2050 [51]. Substantial global capital investments ranging
from $700 B to $1.7 T are projected for a shift to hydrogen-powered flights by 2050 [52], with the
majority allocated to renewable electricity generation, hydrogen electrolysis, and liquefaction. In
a comprehensive techno-economic assessment, Hoelzen et al. [53] evaluated three LH; delivery
routes for five different locations (Saudi Arabia, Morocco, Scotland, Denmark, and Germany) using
non-linear energy system optimization. They demonstrated that, in a base case scenario for on-site
production at a medium-large airport in 2050, final LH, prices at the dispenser could reach $2.04/kg
LH,, making hydrogen flying economically viable in places with strong renewable energy source
conditions. Amy and Kunycky [54] investigated the economic aspects of providing sustainable

hydrogen to aircraft fleets at Los Angeles International Airport (LAX) via on-site electrolysis
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production. This work showed more than a two-fold increase in fuel costs (on an energy basis) for
hydrogen ($4.5/gge) compared to jet fuel ($2/gge), with electricity and the capital expenditures

(CAPEX) of electrolysis and liquefaction being the most dominating factors for the hydrogen case.
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2. Goal and Objectives

2.1. Goal

Investigate and quantify the feasibility, operational performance, and environmental benefits
of hydrogen as a power source for aviation, focusing on both retrofitting existing aircraft and
sizing conventional or futuristic concepts. This research will explore hydrogen combustion
and fuel cell technologies, along with storage solutions, the response dynamics of these systems,
and necessary changes in airport infrastructure. The study aims to address gaps not currently
covered by existing industry solutions and academic literature, while evaluating the associated

monetary and environmental costs.

2.2. Objectives/Tasks

Here are the objectives to meet the research goal:

1) Conduct a comprehensive literature review on green aviation and the integration of hydrogen-
powered propulsion technologies.

2) Develop conceptual powertrain models for various hydrogen propulsion systems, including Hj
combustion, SOFC/GT/Battery, and PEMFC/Battery.

3) Build a dynamic model of an SOFC/GT system to evaluate its robustness and response during
various flight conditions.

4) Apply and evaluate hydrogen power systems and their associated components in aviation, focusing
on retrofitting existing aircraft and sizing for both conventional and Blended Wing Body (BWB)

designs.
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5) Assess the environmental and economic impacts of hydrogen power systems and the required

airport infrastructure modifications.

The objectives aim to evaluate the feasibility of hydrogen aircraft from multiple perspectives. This
begins with understanding the current literature on hydrogen aircraft and associated infrastructures.
Following this, the objective is on conceptualizing and understanding hydrogen powertrain models,
including H, combustion, SOFC/GT, and PEMFC systems, tailored for various aircraft categories.
By developing these models, the next objective is to create and apply retrofitting methodologies
for existing aircraft, as well as sizing conventional and Blended Wing Body (BWB) designs while
integrating the hydrogen energy system. Dynamic modeling will be employed to evaluate the
response of SOFC/GT/Battery systems during flight, addressing gaps in the literature. The final
objective is to assess the overall environmental and economic impacts of hydrogen adoption,
including the necessary hydrogen infrastructure, to determine scalability and sustainability in

aviation.

2.3. Approach

Task 1: Conduct a comprehensive literature review on green aviation and the integration of

hydrogen-powered propulsion technologies.

An extensive literature review will be conducted on the following topics:

Retrofitting existing aircraft for hydrogen propulsion, including retrofit methodologies.

Hydrogen storage modeling, focusing on safety, efficiency, and regulatory standards.

Hydrogen fuel cell and gas turbine hybrid systems (SOFC/GT).

Battery-electric, LT-PEM, and HT-PEM fuel cells for short- and mid-range flights.

Adoption of alternative fuels, such as synthetic and biofuels, alongside hydrogen in aviation.

* Dynamic modeling and control strategies for SOFC/GT systems.

Sizing of both conventional and Blended Wing Body (BWB) aircraft for hydrogen integration.
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* Hydrogen airport infrastructure and delivered costs.

Task 2: Develop conceptual powertrain models for various hydrogen propulsion systems,

including H, combustion, SOFC/GT/Battery, and PEMFC/Battery.

* Design of hydrogen powertrain systems for various aircraft classes: light/short-range, midsize/mid-
range, and heavy/long-range.

* Development of hydrogen storage solutions tailored to aviation safety, efficiency, and regulatory
standards.

* Creation of retrofitting methodologies for converting existing aircraft powertrains to hydrogen
fuel systems.

* Performance analysis and techno-economic evaluation of hydrogen powertrain systems across the
specified aircraft classes.

* Application of existing literature and models to guide the conceptual design and technology

adaptation for hydrogen aircraft powertrain systems.

Task 3: Build a dynamic model of an SOFC/GT system to evaluate its robustness and response

during various flight conditions.

* Develop dynamic models to assess the robustness and response of SOFC/GT systems to operational
variability for flight dynamics under aviation safety regulations.
* Model the battery response to complement and support the load deficiencies of SOFC/GT system:s,

optimizing overall performance and reliability during flight.

Task 4: Apply and evaluate hydrogen power systems and their associated components in
aviation, focusing on retrofitting existing aircraft and sizing for both conventional and Blended

Wing Body (BWB) designs.

* Perform conceptual evaluations of hydrogen power systems across a range of aircraft models,

including retrofitted and sized conventional aircraft, to assess adaptability, performance, and
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integration challenges.
* Size and analyze the application and effectiveness of hydrogen power systems specifically in
Blended Wing Body (BWB) aircraft configurations, considering aerodynamic, structural, and

propulsion system interactions in comparison to kerosene-powered systems.

Task 5: Assess the environmental and economic impacts of hydrogen power systems and the

required airport infrastructure modifications.

* Evaluate greenhouse gas emissions, water vapor, and pollutants from hydrogen power systems.

* Conduct a techno-economic analysis to assess the benefits and challenges of transitioning to
hydrogen aircraft.

* Assess the economic feasibility of hydrogen adoption, including associated costs and savings of
retrofits.

* Analyze the costs of developing and maintaining hydrogen infrastructure at airports.

* Investigate the necessary infrastructure changes and viability for large-scale airport adoption.
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3. Assessment of the Benefits and Limitations of

Hydrogen Retrofit Aircraft

Parts of this chapter, in parts or in whole, are co-authored by and published in:

Khaled Alsamri, Jessica De la Cruz, Melody Emmanouilidi, Jacqueline Huynh, and Jack Brouwer. "Methodology for
Assessing Retrofitted Hydrogen Combustion and Fuel Cell Aircraft Environmental Impacts," Journal of Propulsion and
Power, 2024, 40(5): 661-676.

This chapter explores the potential of hydrogen-based propulsion systems, including hydrogen fuel
cells and combustion engines, to reduce emissions and improve efficiency in aviation. Hydrogen is
highlighted as a promising alternative due to its high gravimetric energy density and zero-carbon
emissions, despite challenges related to production costs, storage complexities, and infrastructure
needs. The focus is on retrofitting existing aircraft, such as the Cessna Citation 560XLS+, with liquid
hydrogen (LH;) tanks and solid oxide fuel cell (SOFC) powertrains. This approach is analyzed using
a lifecycle emissions assessment and mission-level cost analysis to compare the retrofitted aircraft
with conventional kerosene-powered models. Drawing on literature that suggests hydrogen-powered
business jets could achieve significant energy consumption reductions of up to 34% [55, 56] and
notable cuts in greenhouse gas emissions, this chapter aims to provide a simplified methodology to

assess the feasibility of hydrogen integration and retrofitting in aviation.

3.1. Methodology to Assess Emissions and Performance Trade-Offs for a
Retrofitted Solid Oxide Fuel Cell and Hydrogen Powered Aircraft

The methodology to model the alternative fuel emissions for a proposed aircraft vehicle is presented
in Fig. 7.1. The inputs to the modeling framework include the aircraft characteristics, such as empty

and takeoft weights, overall efficiency and lift-to-drag ratio. In addition, the alternative fuel type is
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defined by the heat energy available per unit weight of fuel and mission characteristics such as range
and cruising altitude. These parameters define the aircraft cruising performance in the flight profile
module. Within the flight profile module, the weight of the fuel necessary to complete the mission
is determined and inputted into the H; tank configuration module and the emissions module. The
tank configuration module models the shape, insulation, and volume of an H; cylindrical tank that
meets the power requirements defined by the weight of the fuel. The tank volume and mass are
then outputted into the center of gravity Module. This module determines the center of gravity
(CG) change within the flight envelope of the aircraft by simultaneously placing the tanks in the
interior layout. A tank sizing constraint is fed back into the tank configuration module if such CG
requirements are not feasible for the same number of passengers. The tank configuration module
updates the tank design and the weight of the fuel is remodeled to account for the weight of passenger
removal. If such changes occur, either a refueling stop is required or a second flight of the same
mission will keep the number of passengers constant for the same range. Such consequence is

accounted for in the lifecycle emissions and cost modeling covered in detail in the following section.

Furthermore, the weight of the fuel, the mission atmospheric conditions, and the power plant for
each alternative fuel type are inputted into the emissions module. Within this module, the emissions
per segment are analyzed by their emission indexes, greenhouse gas emissions, and contrails. Such
segment emissions are then inputted into the environmental impact module. This module implements
the mentioned lifecycle assessment and cost analysis to output the trade-offs between alternative
fuel power plants per mission. The details of this framework are further discussed in the following

sections.
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Fig. 3.1 Modeling framework of the methodology to assess emissions and performance
trade-Offs for a retrofitted SOFC hybrid and H, Powered Aircraft

3.1.1. Flight Profile Module

The methodology presented in the previous section consists of a baseline range mission profile
to compare the alternative fuel sources with a baseline kerosene gas turbine combustion flight
procedure. A constant range approach analysis is implemented in order to design an alternative fuel
tank and power train that satisfies insulation, center of gravity and power constraints. The Breguet
range equation determines the weight of the fuel required to fly the given mission for the baseline

and alternative fuel sources [57].

Hydrogen combustion would require some changes to the design of the engines due to the different
properties of hydrogen such as higher adiabatic temperature and faster flame speeds. Such changes
include a smaller combustion chamber, the addition or modifications of a pump, supply pipes,
control valves, heat exchanger and turbine system, as depicted in Fig. 3.2, which outlines a hydrogen
fueled multistage gas turbine layout. The aforementioned hydrogen combustion system replaces the
conventional turbofan for the H,-combustion powered aircraft studied in this paper, portrayed in Fig.

3.3. In addition, a heat exchanger must also be added to heat the cryogenic hydrogen liquid fuel
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before combustion [58]. Stefan et al.’s review highlights key challenges for hydrogen combustion in
aviation, particularly the need for materials that withstand high temperatures and hydrogen-induced
corrosion, as found in hydrogen-fired gas turbines. Stefan et al. emphasizes the importance of
developing advanced coatings and alloys, especially considering the larger temperature gradients
and increased steam content in hydrogen combustion, which pose risks to component durability
and efficiency. The study also notes the necessity for further research into hydrogen embrittlement,
particularly for parts made via additive manufacturing [59]. These material challenges form a crucial

part of the overall technological hurdles in integrating hydrogen combustion systems into aviation.

Cryogenic hydrogen tanks become very heavy depending on the design parameters, stored pressure,
temperature, and acceptable boil-off rates. Fortunately for aircraft applications, less insulation is
required for short periods of flight at a relatively high boil-off rate. Design choices of a number of
tanks and storage locations affect the final mass and volume of the hydrogen storage system. The
high gravimetric energy density of hydrogen of a 120 MJ/kg is favorable since mass reduction is
critical during flight. Hydrogen needs to be stored at its critical temperature and pressure of 33.15
Kelvin and 1300 kPa. However, the main challenge in aviation lies in the mass and volume that
such cryogenic tanks occupy. Hydrogen density varies between a low of 0.08375 kg/m? in gaseous
form and a high of 81-89 kg/m? in cryo-compressed liquid form [60]. Such densities are low when

compared to the densities of kerosene variation from a low of 775 kg/m? to a high of 840 kg/m?.

To
Afterburner

3rd Turbine

O Combustion Chamber
O Heat Exchanger

Fig. 3.2 Hydrogen fueled multistage gas Turbine configuration
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Fig. 3.3 Hydrogen combustion gas turbine

Another alternative, SOFC hybrid power plant configuration, is evaluated for a constant range
mission. Such SOFC hybrid includes a battery and liquid H, tanks to provide electrical power with
zero emissions. Proton exchange membrane fuel cells (PEMFC) and SOFC advantages include
independent power and energy scaling at efficiencies up to 60%. Unfortunately, fuel cells lose
efficiency with altitude due to lower atmospheric pressure. Hence for aircraft applications, a hybrid
SOFC gas-turbine system can convert fuel cell waste heat to electric power and pressurize a fuel
cell. The overall power system efficiency has been shown to provide slightly higher efficiencies in
the range of 10% to 20% approximately for a conventional aircraft. Wilson et al. [61] presents a
thermodynamic model aimed at evaluating the feasibility and performance of a high-performance
SOFC/GT hybrid power system tailored for electric aviation. Their findings highlight the potential
of such systems to achieve fuel-to-electricity conversion efficiencies significantly higher than those
of conventional gas turbine engines, thereby underscoring the importance of these hybrid systems
in the pursuit of net zero emissions for the aviation sector. Challenges remain, particularly in
balancing plant design and integrating dynamic simulation capabilities to fully realize the potential
of these technologies. The validation of their model against NASA’s SOFC model and its application
in constructing a 1 MW SOFC/GT hybrid power system for aircraft propulsion demonstrate the
feasibility of achieving efficiencies greater than 75% under standard cruise conditions, pointing
towards the necessity of further research and development to address the identified challenges and

enhance system reliability and lifespan [61].
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In the retrofit model assumptions for the SOFC hybrid system, which includes components such
as a gas turbine, heat exchangers, a compressor, a generator, a battery, and an LH; tank. Power
assumptions for the fuel cell, battery, and motor-specific densities are based on state-of-the-art (SOA)
technology expected to be commercially available. Specifically, the SOFC exhibits gravimetric and
volumetric power densities of 2.5 kW/kg and 7.5 kW/L, respectively [62]. These figures suggest that
the SOFC hybrid, as designed, offers up to five and seven times higher gravimetric and volumetric
power densities than those found in commercially available designs to date. Advanced research
indicates even higher specific densities for fuel cells and motors, with findings pointing to 4.0 kW/kg
for fuel cells and 10 kW/kg for motors [32]. The SOFCs exit temperature is noted to be 944°C,
showcasing the potential of recycling heat within the system [61]. The battery technology utilized
within this hybrid system features a volumetric energy density of 0.67 kWh/L and a gravimetric
energy density of 0.35 kWh/kg [63]. Moreover, the gas turbine, integral to the SOFC hybrid
configuration, is characterized by a volumetric density of 8000 kg/m> and a gravimetric power
density of 4.4 kW/kg, illustrating the compact and efficient design achievable in modern gas turbines
[64]. The cycle efficiency of the SOFC/GT system is conservatively assumed 70%, still indicating
an improvement over conventional systems [63]. Lastly, the inclusion of a cryo-cooler with a mass
specific power of 3 kg/kW further demonstrates the comprehensive approach taken to address
thermal management challenges within the system [65]. The gas turbine’s power output is chosen
as 538 kW to be aligned with the SOFCs capacity to ensure optimal integration and performance
efficiency within the hybrid system [64]. This assumption set shown in Table 5.1 forms the basis for

the SOFC hybrid power train.
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Table 3.1 Power train for SOFC hybrid

Parameters Values

SOFC Volumetric Density (kW/kg) 2.5[62]
SOFC Gravimetric Density (kW/L) 7.5 [62]
SOFC Exit Temperature (°C) 944 [61]
Motor Density (kW/kg) 7.06 [32]

Battery Volumetric Density (kWh/L) 0.67 [63]

Battery Gravimetric Density (kWh/kg) 0.35 [63]

SOFC/GT Cycle Efficiency (%) 70 [63]
GT Volumetric Density (kg/m3 ) 8000 [64]
GT Gravimetric Density (kW/kg) 4.4 [64]

Cryo-cooler Mass Specific Power (kg/kW) 3 [65]

Gas Turbine Power (kW) 538 [64]
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Fig. 3.4 Power train SOFC hybrid for Medium-Range and Long-Range aircraft designed for
fuel cell hybrid

The SOFC hybrid power train system consists of multiple components such as an electric motor, the
SOFC, a generator a pump, a cryogenic tank, and other components seen in Fig. 3.4. The cryogenic
tank stores liquid hydrogen fuel which vaporizes once vented from the tank. The hydrogen is then
heated in a heat exchanger (HX) that acts as a fuel heater. The HX recycles heat that exits the turbine,
and a fuel pump pressurizes the H; that is inserted the anode. Oxidation reactions occur within the
anode and compressed air from the compressor is then heated in the combined HX. Such air then
inlets into the cathode where the reduction reactions occur. Compressed air flow helps maintain and
increase the fuel cell performance at flight altitude. The turbine is utilized to power the compressor
and generator while the generator produces electricity that can be stored in the battery or used for

propulsion in the electric motor.

The aforementioned H,-combustion and SOFC hybrid system are utilized to power the constant

range from the baseline kerosene flight procedure. The Breguet range equation heat energy available
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per unit weight accounts for such changes within this module and results in the fuel weight outputted
into the tank module. A sample implementation of this methodology for both H,-combustion and

SOFC hybrid system is performed on a business jet in Section 3.2.

3.1.2. Tank Configuration Module

Given the design fuel weight from the previous module, tanks are modeled for a retrofitted aircraft
in the tank configuration module. The design of such tanks follows the approach in Fig. 3.5. The
tank module evaluates geometrical, material and thermal models that serve as feasible variables

within the design space [66]. Such tank modelling is governed by equations 3.1 to 3.9.
Geometrical Model Mechanical Model Thermal Model
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Fig. 3.5 Tank configuration module flowchart
Geometrical Model

The geometrical model rigorously defines the tank geometry and the necessary volume of storage
to satisfy power constraints. The tank is architecturally shaped as a cylinder with hemispherical
ends—a design celebrated for its superior pressure distribution, making it a prevalent choice for

pressurized vessels [32]. To buffer pressure variations due to hydrogen boil-off, an excess volume V;,
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set at 7.2%, is accounted for in the calculations. The storage volume, V;, is meticulously calculated
to ensure that the tank can accommodate the required mass of hydrogen, My,, while compensating
for boil-off through an additional volume, V;, and considering the density of liquid hydrogen, pr#,
as shown in Equation 3.1. The choice of a cylindrical tank with hemispherical ends optimizes the
pressure distribution within the tank, minimizing stress concentrations and enhancing structural
integrity, as the volume of this specific geometrical configuration is represented in Equation 3.2.
Further, the mass of the filled capsule is determined by Equation 3.3 to assess the impact of the
stored hydrogen on the overall aircraft structure, a crucial factor affecting aircraft performance and
fuel efficiency. The tank’s design also incorporates meticulous calculations for the wall thickness.
Equation 3.4 determines the wall thickness of the cylindrical section, considering the design pressure
Pg4.s, the material’s tensile strength o, and the efficiency of the welding process e,.;4. This
ensures that the tank wall can withstand internal pressures without compromising safety or integrity.
Moreover, the hemispherical ends of the tank, which are subject to unique stress distributions,
require a specialized approach for determining their thickness, as captured by Equation 3.5. This
formula takes into account the design pressure, the stress factor K, the material properties, and
the welding quality, reinforcing the tank’s structural integrity comprehensively. In essence, these
equations are meticulously chosen to ensure a holistic and accurate representation of the tank’s
geometrical, physical, and mechanical properties. They collectively safeguard the tank’s structural
integrity, aligning with mechanical, safety, and performance specifications, ultimately delivering a

reliable and effective hydrogen storage solution.
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(3.3)

(3.4)

(3.5)

(3.6)

In the mechanical model, the derived geometry and selected materials precisely determine the tank
wall thickness. Aluminum (4.4% Cu) 2014-T6 is chosen for its optimal strength-to-weight ratio
and fatigue resistance, crucial for aerospace applications. This material, coupled with evacuated
aluminum foil and fluffy glass mats for insulation as recommended by Rivard, et al. [67], creates
a robust yet lightweight barrier, effectively reducing thermal conductivity. The Factor of Safety
(FOS) is judiciously set at 1.3, aligning with standard engineering practices to balance durability
and material efficiency. This ensures the tanks are resilient yet not overdesigned, maintaining a
weight that is typically 15% to 30% of the LH, weight, potentially less than 15% with reduced

hydrogen vaporization rates as noted by Baroutaji et al. [32]. Such optimization is crucial for aircraft



performance and fuel efficiency. The model integrates the inner vessel within a vacuum, defined
by precise geometrical thickness, to minimize heat transfer and enhance the thermal stability of
LH,. These dimensions, along with the selected materials, are integrated into the thermal module to
determine the optimal insulation thickness, ensuring the system meets stringent thermal requirements

while optimizing for weight and structural integrity, reflecting sophisticated aerospace engineering.

Thermal Model

The thermal model is developed to determine the optimal wall insulation thickness by considering
the material properties, an acceptable boil-off rate, and the corresponding acceptable rate of heat
transfer. The design criteria are based on equations 3.7 to 3.10, which are instrumental in modeling
the heat transfer dynamics within the insulation layer. The insulation thickness is specifically tailored
to maintain a boil-off rate of 0.1% per hour, as suggested by Baroutaji et al. [32]. This particular
rate is chosen because it strikes a balance between insulation performance and the minimization
of insulation material, which in turn reduces both cost and mass of the system. The design allows
for 20% of the stored hydrogen to be vented per hour, optimizing the system for a 288.15 Kelvin
outer surface temperature to maximize the range and flight time of the aircraft. The inner vessel,
situated within a vacuum, is designed with precise geometrical thickness and insulation parameters
to meet the tank sizing constraint Ak, as illustrated in Fig. 3.6. This constraint is crucial as it
feeds into the center of gravity (CG) module, influencing the overall aircraft design. The equations
forming the core of the thermal model are instrumental in elucidating and forecasting the system’s
behavior under a spectrum of conditions. The Nusselt number (Nu) in equation 3.7, as derived from
Colozza and Kohout [68], serves as a fundamental component in hydrogen tank thermal modeling,
signifying the ratio of convective to conductive heat transfer across the boundary layer. Tailored
for cylindrical tank geometries, this specific correlation incorporates the flow characteristics of
hydrogen, captured by the Reynolds number (Rep), and the fluid’s intrinsic properties, as indicated

by the Prandtl number (Pr). This correlation is instrumental in determining the convective heat
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transfer coeflicient, a key factor in accurately modeling the temperature distribution and managing
heat flow in and out of the hydrogen storage tank. Equation 3.8, which delineates the rate of heat
transfer (Q), is foundational for deducing the energy requisite for the phase transition of hydrogen,
taking into account the mass flow rate (1) and the latent heat of vaporization (hrg). The set of
equations introduces a more comprehensive approach to heat transfer analysis, taking into account
conduction (Q¢ong), convection (Qcony), and radiation (Qraq) heat transfers, represented in the total
heat transfer equation (Qiota). These equations collectively form a robust framework for designing
an efficient and effective thermal management system for hydrogen storage in aircraft applications.
These equations are critical for ensuring the thermal management system is designed with precision,
taking into account the necessary physical phenomena to maintain the hydrogen in its desired state,

ensuring safety, efficiency, and effectiveness of the aircraft’s power system.

1
6

ReD
Nup = [0.60+0.287 < (3.7)
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Pr
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Qtotal = Qcond + Qconv + Qrad (39)
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3.1.3. Center of Gravity Module

Center of Gravity

A weight and balance analysis evaluates the feasibility of the tank design outputted from the tank
configuration module. The change in CG location from the operational limits of the retrofitted con-
ventional kerosene powered aircraft is modeled from an already existing FAA-approved operational
envelope found in [69]. The net change in CG is modeled to determine if the new retrofitted CG is
within the minimum and maximum limits of the aforementioned envelope. Assuming the CG lies
at 25 percent Mean Aerodynamic Chord (MAC) in the existing weight and balance diagram, the
change in CG is determined with the shifted weight and potential moment arm [70]. Such moment
arm is simultaneously obtained in the interior layout of the aircraft within this module. The weight
per passenger is estimated to be 93 kg for domestic flights [71]. The weight of a fully stocked

refreshment center is assumed to be 147 kg, with two full carts, while the weight of the lavatory is
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estimated to be 60 kg. The change in weight from each alternative retrofitted fuel configuration is
obtained by summing all changes in moments from either removing a seat or adding a tank, among

others.

Interior Layout

Simultaneously within the center of gravity module, a potential change in the moment arm is
obtained from an interior layout map of the existing aircraft. A sample case interior layout for a
business jet is used in Section 3.2, to obtain the dimensions of the interior, the baggage compartment,
and the overall aircraft specifications for a Cessna Citation 560XLS+ . Such dimensions are used to
evaluate and constrain the size of the tanks by placing them in a position that results in a feasible
CG within the aforementioned envelope limits and FAA aisle width and seat pitch regulations. After
a feasible tank sizing constraint is reached in the tank configuration module, the final weight of
the fuel is inputted into the emissions module. Such weight of the fuel will account for passenger

weight removal in case passenger seats need to be removed to make room for tanks.

3.1.4. Emissions Module

The emissions analysis provides a comparative study of traditional kerosene and advanced H»-
combustion and SOFC Hybrid propulsion systems. The study models complete kerosene combustion
to yield CO, and H,O, while incomplete combustion produces CO, NOy, SOy, and HC. In contrast,
complete Hp-combustion is expected to emit only H>O, with NOy as the primary byproduct
during incomplete combustion, without the emissions of CO, HC, or SO. The analysis assumes
minimal unburnt H; emissions due to the employment of advanced H, management and combustion
technologies, including lean fully premixed (LFP) combustors, which are designed to ensure
thorough mixing and complete combustion of hydrogen fuel. This assumption is supported by
the work of Palies [72], who indicates that LFP combustors are effective in reducing unburnt fuel,

aligning with the goal of zero-unburnt fuel in hydrogen-powered aviation. This premise is supported
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by computational simulations that demonstrate the efficacy of LFP combustors in reducing unburnt
fuel, aligning with the zero-unburnt fuel efficiency posited for LFP configurations in hydrogen
combustion scenarios [72]. While the ideal scenario presents negligible H, emissions, practical
implementations will require strategies for capturing or neutralizing any unburnt H to fully leverage
the environmental benefits and maintain safety standards [73]. The SOFC Hybrid system, which
also utilizes H» as a fuel, is mainly associated with the emissions of HyO and NOy. The detailed
emission profiles of these advanced propulsion systems will be further discussed in the following

sections, offering insights into their potential environmental impacts.

The emissions analysis provides a comparative study of traditional kerosene and advanced hydrogen
(H;)-combustion, as well as SOFC Hybrid propulsion systems. This study models the complete
combustion of kerosene to yield CO, and H>O, while incomplete combustion produces CO, NOsy,
SOy, and HC. In contrast, complete H>-combustion is expected to emit only H,O, with NOy
being the primary byproduct during incomplete combustion, without the emissions of CO, HC, or
SOy. The analysis assumes minimal unburnt Hy emissions due to the employment of advanced
H, management and combustion technologies, including lean fully premixed (LFP) combustors.
These combustors are designed to ensure thorough mixing and complete combustion of hydrogen
fuel. This assumption is supported by the work of Palies [72], indicating that LFP combustors are
effective in reducing unburnt fuel, thereby aligning with the goal of achieving zero-unburnt fuel
in hydrogen-powered aviation. Furthermore, computational simulations have demonstrated the
efficacy of LFP combustors in reducing unburnt fuel, aligning with the zero-unburnt fuel efficiency
posited for LFP configurations in hydrogen combustion scenarios [72]. While the ideal scenario
presents negligible H, emissions, practical implementations will necessitate strategies for capturing
or neutralizing any unburnt H; to fully leverage the environmental benefits and maintain safety
standards [73]. The SOFC Hybrid system, which also utilizes H; as fuel, is primarily associated with
the emissions of H,O and NOy. The detailed emission profiles of these advanced propulsion systems
will be further discussed in subsequent sections, offering insights into their potential environmental

impacts.
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Emission Indices

The International Civil Aviation Organization (ICAO) Engine Emissions Databank (EED) is
employed to acquire the Emission Indices (EI) for non-cruise phases of flight for kerosene-powered
aircraft. The EI for incomplete combustion of HC and CO during cruise are averaged at 0.4 g/kg
and 0.6 g/kg, respectively, as reported by Wayson et al. [74]. Emissions of SO, are omitted in
this analysis due to the absence of corresponding data in the ICAO databank. The investigation
concentrates on the principal emissions shared across the three technologies under review. Typically,
the EI for NO, ranges from 12 to 16 g/kg [74], influenced by the engine design’s flame temperature.
For simplicity, a median value of 14 g/kg is adopted for cruise conditions. This assumption is
considered safe and pragmatic for comparative purposes, especially when specific combustion
conditions (lean vs. rich) or the application of emission mitigation technologies are not explicitly
detailed. It is acknowledged that NO, emissions from hydrogen combustion can vary significantly
depending on the technology used for emission mitigation. For instance, Therkelsen et al. [75]
have shown that hydrogen combustion can lead to higher NO, emissions due to the higher flame
temperatures associated with hydrogen, despite efforts to achieve near-uniform fuel/air mixing. This
underscores the inherent challenges in managing NO, emissions from hydrogen-fueled engines,
where even advanced mixing technologies cannot fully mitigate the thermal NO, formation inherent
to hydrogen’s combustion properties. Conversely, advancements in emission reduction technologies
have shown significant potential in lowering NO, emissions from hydrogen-fueled aircraft, with
reductions up to 90% compared to kerosene combustion, achieved through the implementation of
technologies such as water injection [76, 77]. This illustrates the effectiveness of such technologies
in overcoming the thermal NO, challenges associated with hydrogen combustion. Furthermore, the
Rich-Quick-Lean (RQL) combustion strategy proposed by Ingenito et al. [78] provides an effective
framework for reducing NO, emissions in high-speed hydrogen-fueled vehicles to ICAO acceptable
values. By optimizing the equivalence ratio in the rich combustion stage and taking advantage of the
wider flammability limits of the hydrogen flames in the lean combustion stage dramatic reduction in

NO, emissions were demonstrated, further supporting the argument for technological variability
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in hydrogen combustion outcomes [78]. Given the vast variability in hydrogen combustion NO,
emissions influenced by technology and operational conditions, adopting a median Elxo, value of 14
g/kg for comparative purposes across all technologies analyzed, including the SOFC hybrid system.
In this context, NO, emissions are primarily generated not by the fuel cell itself but by a hydrogen
combustor/micro gas turbine system operating at potentially higher temperatures. This standardized
assumption facilitates a consistent comparison while acknowledging the diverse technological
landscape and the potential for significant emission reductions with the right combination of fuel,
technology, and operational strategies. Furthermore, in the case of kerosene combustion, the fuel
composition significantly influences H,O and CO, emissions, with a higher H/C ratio yielding more
water and less CO,. The EI for CO; is calculated by considering the carbon content in the fuel, the
molar mass of CO;, and the molar mass of carbon, resulting in 3.15 kg/kg. Similarly, the EI for
H,O, derived through the same methodology, is found to be 1.25 kg/kg. This approach ensures a
consistent and comparative framework for assessing the environmental impact of both hydrogen and

kerosene-fueled aircraft across different flight conditions.

Emissions

The CO, and H,O emissions of kerosene are compared to the retrofitted H,-combustion and SOFC
Hybrid system powered aircraft. Such an emissions model assumes a constant percent thrust per
segment and a constant aircraft Thrust-specific fuel consumption (TSFC). Each segment emission
is modeled by dividing the flight profile into the segments seen in Table 3.2. The flight profile is
designed to optimise aircraft ground operations to reduce emissions and local air quality impact
[79][80]. The thrust per engine is taken at 100% for takeoft, 85% for climb, 30% for approach, and
7% for descent and idle, which matches the suggestions of the ICAO standard landing and takeoff
cycle regulations [81]. The time to climb and descent is assumed to be 30 minutes. Although
Taxi/ldle time varies by airport, an average value of 23 minutes is assumed for this analysis. This

choice is justified by aiming to represent a typical ground operation time that balances between
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shorter duration at less congested airports and longer periods at major hubs. Thereby providing a
realistic and rather conservative average for a broad spectrum of flight operations. For the cruise
portion of the flight, equation 3.11 models the mass fuel burned to obtain the complete emissions of
CO,, H,0, CO, HC, and NOy. A sample of implementing this methodology for modeling emissions

is demonstrated in detail on Section 3.2.1.

E.=mxEI(X) (3.11)

Table 3.2 Assumed flight profile segments

Segment  Duration (min) Thrust (%)

Takeoff 0.7 100
Climb 30 85
Descent 30 7
Approach 4 30
Taxi/ldle 23 7

Contrails

The likelihood of contrail formation using kerosene, Hp-combustion fuel, and a SOFC hybrid-
powered aircraft is modeled using mass and energy balances to determine the mixing line slope
G. An aircraft exhaust plume mixes isobarically with exhaust air and can lead to the possibility of
contrail formation [82]. Contrails may form by the mixing of hot and humid air with cold ambient
air below a critical temperature threshold, as defined by the "Schmidt-Appleman" criterion [82],

which is modeled by equation 3.12.
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Such contrails are evaluated since they can increase the overall warming effect due to trapped heat in
the atmosphere and affect cooling from reflected sunlight [83]. The overall efficiency of the aircraft
is assumed constant for all three configurations. The H,-combustion and SOFC hybrid are expected
to have a shallower slope than kerosene due to a higher LHVy, value of 120 MJ/kg. Such value is
higher when compared to the conventional lower 43 MJ/kg kerosene LHVy,|, as seen in Section
3.2.1. However, an increase in the mixing slope G arises from the higher EI of H,O when using
liquid hydrogen fuel. The persistence of contrails is not explored due to the location dependence of

atmospheric conditions at every point of the duration of a single flight.

3.1.5. Environmental Impacts Module

Lifecycle Assessment

A complete lifecycle analysis (LCA) of CO, evaluates the environmental effects of a conventional
kerosene powered aircraft, a retrofit Hy-combustion aircraft, and a retrofit SOFC hybrid powered
aircraft. The lifecycle emissions are modeled for the various stages of fuel extraction, transport,
processing, and storage sectors known as Well-to-Tank (WTT), and a combustion sector known as
Tank-to-Wing (TTW), as seen in Fig. 3.7. Such LCA evaluates the consequences of eliminating the
dependency of aviation upon dwindling crude oil resources, as well as, the overall contribution of
aviation to the anthropogenic greenhouse effect [84]. The carbon intensity of kerosene fuel can
vary depending on the region, the refinery and the crude oil well. Various studies have estimated
that the carbon intensity of jet fuel ranges from 85 to 95 g of CO,/ MJ [85]. The combustion of
fuel contributes to a portion of 73 g of CO; q/MJ, while the rest is generated by transportation,

processing, and the refinement process [85]. The Well-to-Wing (WTW) CO; emissions for kerosene
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fuel are modeled at 84.5 g CO; ¢¢/MJ with an 87% in combustion emissions [85]. Finally, the
complete lifecycle of kerosene WTW is found by adding WWT to TTW CO, emissions of kerosene

and LH; fuel sources from the extraction of crude oil or fuel to its combustion during flight.

The WTW for both Hp-combustion and the SOFC hybrid is estimated using green and gray hydrogen.
Green hydrogen refers to the hydrogen produced via renewable energy, while gray hydrogen refers
to the hydrogen produced using steam methane reformation without any greenhouse gas (GHG)
emissions capture. More than 95% of hydrogen produced today is produced using fossil fuels
like natural gas and coal [86]. Meanwhile, green hydrogen requires a renewable energy-powered
grid which is not yet available in many parts of the world. However, most countries have plans
to reach 100% renewable grids within the next 30-50 years [86]. The LCA estimation utilizes
the Greenhouse Gases, Regulated Emissions, and Energy Use in Technologies (GREET) model
to estimate the transportation lifecycle emissions via a mathematical framework that accounts for
various pollutants such as CO; [87]. In addition, green hydrogen solar electrolysis is assumed to
emit 41.29 g of CO; ¢q/MIJ for the full lifecycle, as referenced by Al-Breiki and Bicer [87]. Similarly,
the gray hydrogen solar electrolysis full lifecycle is assumed to emit 75.6 g CO; ¢q/MJ, as sourced by
[88]. The mentioned LCA model does not include the production or life expectancy of lithium-ion
batteries and the SOFC. The model is thus focused on the fuel WTW lifecycle. Although, the
environmental effects of producing those components are mainly from mining, not enough current
data and research are available on the lifecycle analysis of the SOFC hybrid system. TTW CO,
emissions for all alternative fuel sources are modeled from the weight of the fuel inputted from the

flight profile module as discussed in Section 3.1.4.
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Fig. 3.7 Lifecycle Assessment (LCA) boundary of Jet-A Fuel (Top) and LH; fuel (Bottom)

Cost Analysis

The change in fuel cost of implementing alternative fuel sources for one constant range flight profile
is determined to further analyze the trade-offs of implementing a retrofit. The fuel burned per
segment from the emissions module is utilized to model the fuel price per flight for this mission,
in addition to the change in capital cost of the alternative fuel source. The cost for kerosene is
determined from the full-service average kerosene Jet-A fuel price per gallon for the U.S. western
pacific region for the current year. The price at the pump is assumed to already contain the production
and transportation costs of kerosene. The cost of utilizing LH, for the proposed flight is modeled
per segment in order to compare the change in fuel cost from a conventional kerosene powered flight.
The Hj-combustion change in fuel costs are estimated for both green and gray hydrogen. The cost
of production for green hydrogen (electrolysis) was set to 5.5 USD/kg while the production for gray
carbon capture hydrogen was taken at 1.55 USD/kg, as suggested by Ajanovic et al. [89]. The cost
liquefaction of both was set to 2.75 USD/kg as suggested by Ghorbani et al. [90], while the cost for
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transportation was set to 5 USD/kg, as referenced by Hoelzen, et al. [91].

In assessing the capital costs of retrofitting aircraft with hydrogen fuel systems, the focus is primarily
on the integration of cryogenic tanks, estimated at $74.96 per kg of maximum LH; fuel capacity,
following Yang et al. [92]. The initial cost analysis excludes heat exchanger costs based on
the rationale that hydrogen combustion’s expected thermal efficiency gains could diminish the
necessity for comprehensive heat exchanger upgrades. Given their modular nature, heat exchangers
are considered a lower priority in early evaluations, especially when compared to the substantial
investments in cryogenic storage and fuel cell technologies. This approach prioritizes components
critical to the retrofit’s feasibility, with a detailed review of heat exchanger needs and other
components like fuel lines, pumps, and valves deferred until further design specification in future
analysis. The SOFC hybrid cost is modeled per segment for the purpose of comparison with LH»
prices are determined as stated above. In addition, the stack cost at a high production volume of
SOFC can be assumed to be 238 USD per kilowatt of energy, as suggested by Xing et al. [93]. A
500 kW microturbine is assumed to be in a mid-range market price of 900 dollars per kW following
the California Distributed Energy Resources (DER) guide on microturbines and resourced by Chua
et al.[94]. The lithium-ion battery cost is estimated to be 135 USD per kilowatt hour for the current

year as resourced by Varbanov et al.[95].

3.2. Methodology Demonstration for Alternative Fuel Retrofit on a Business
Jet

The developed methodology in the previous section evaluates the potential to lower emissions for a
single flight by utilizing a retrofit analysis. When compared to an existing aircraft, business jets
show a greater 34% net energy consumption reduction in emission values when utilizing H; fuel, as
suggested by Nojoumi et al. [56]. Therefore, a business jet is chosen for this study since they have
the greatest energy consumption reduction and a greater potential to lower all emissions including

water vapor emissions. As global demand for private jet activity has risen by 7% in 2021, the
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implementation of the aforementioned methodology on the Cessna Citation 560 XLS+ business
jet presents a potential opportunity for carbon mitigation [96]. A summary of key mission and

performance specifications for the mentioned aircraft are found in Table 3.3:

Table 3.3 Cessna Citation 560 XLS+ performance specifications

Parameter Value
Cruise Range 3,889.2 km
Maximum Number of Passengers 9
Maximum Speed Limit 0.75 Mach
Maximum Operating Altitude 13,716 m

Thrust Specific Fuel Consumption 0.045 kg/Nhr

The methodology presented in Section 3.1 is utilized to model the performance and emissions of the
standard kerosene powered Cessna Citation 560XLS+ in order to compare the trade-offs resulting
from a retrofitted H,-combustion fuel and SOFC hybrid powered aircraft. In the flight profile
module, these two alternative fuel power sources are examined for the same mission profile as the
kerosene baseline procedure. The weight of the fuel required for this mission is determined for all
three power plants as a function of heat energy available per unit weight of fuel, range, and other
Breguet range equation parameters as seen in Section 3.1.1. Such weights are utilized to design
the tanks as stated in Section 3.1.2 and evaluated for feasibility in the center of gravity module, as
shown in Section 3.1.3. A few passengers might be omitted if tank sizing volume constraints are
required to power the same mission or a refueling stop might be added. A new fuel weight that
accounts for such changes is then outputted into the emissions module. The flight emissions are
then used to assess the lifecycle assessment and costs of implementing each retrofit. An overall

analysis of the trade-offs in performance and emissions by a retrofit methodology is outputted.
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3.2.1. Analysis of Results

The conventional kerosene, the Hy-combustion, and the SOFC hybrid powered retrofit aircraft are
all able to power the cruise mission specifications from Table 3.3. The fuel weights obtained from

the flight profile module in Section 3.1.1 are seen in Table 3.4:

Table 3.4 Fuel weights for cruise

Cruise Weights Jet-A (kg) H>-combustion (kg) SOFC (kg)

Witart 9,223.35 8,685.22 9,187.86
Wena 8,146.54 8,282.74 8,912.17
Wiier 1,077.81 401.68 271.31

The power requirements and constraints of the Hy-combustion fuel and SOFC hybrid powered
aircraft follow the energy assumptions described in Section 3.1.1, and are seen in Table 3.5. The
power rating of the electric propulsion system is defined based on the maximum takeoff velocity
of the aircraft and the thrust of the conventional aircraft. The Battery size is defined as providing
maximum thrust for 15 minutes. Such parameters and the fuel weight are used as design constraints

in the tank configuration module.
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Table 3.5 Power and SOFC energy requirements

Parameters Values
Thrust Per Engine (N) 18,322
Maximum T/O Velocity (km/hr) 230
Engine Max Power (kW) 2,344.96

Energy Required by Hy-combustion (MJ) 32,546.51

Energy(kWh) 9,040.70
Fuel Cell Power (75%)(kW) 1,758.72
Battery Power (25%)(kW) 586.24
Battery Size (kWh) 146.56
Cryocooler Maximum Power (kW) 23.45

The hydrogen cryogenic tanks are designed with insulation and altitude pressure as added design
constraints. The resulting tank materials, properties, and characteristics are seen in Table 3.6. The
design of insulation maximizes flight temperature as specified in the Thermal module in 3.1.2. The
tanks specified above are then evaluated for feasibility in the center of gravity module. The three
interior layout arrangements that satisfied the maximum and minimum CG envelope limits are seen
in Fig. 3.8. The FAA minimum 30 cm aisle width regulation (for airplanes less than 10 passengers
[70], is exceeded for passenger comfort and evacuation regulations in all three configurations. The
conventional arrangement of the Cessna 560 XLS+ is seen in Fig. 3.8a with a forward refreshment
center and an aft lavatory. The LH; tank design and layout results in six small tanks each of 157
cm distributed in the forward section of the cabin, and four aft tanks, two of small size, one of
mid-size and one of large-size all with 271 cm in length as seen in Fig. 3.8b and Fig. 3.9. Such

tank designs are subject to sizing and feasibility constraints and are seen in Table 3.6. However,
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passenger tables between seats 3 and 5 and 4 and 6 must be removed in order to fit the 6 small
forward tanks. Nonetheless, the FAA minimum required first-class seat pitch of 96.5 cm is exceeded
for all seats after such removal [70]. The H>-combustion and SOFC layout required the removal of
seats 1,2 and 9, as well as, the removal of the aft closet in order to fit the aft mid-size LH, tank 25.4
cm into section a-a of the cabin aft section, as seen in Figs. 3.8b and 3.8c. However, the SOFC
required the shift of the forward lavatory and refreshment center since the aft section of the cabin is

used to house the SOFC power train seen in pink in Fig. 3.8c.

Table 3.6 Cryogenic LH, tanks

Parameters Front Tanks Aft Tanks
Size Small(6) Large(l) Medium(l) Small(2)
Ttor (CM) 25.60 60.20 23.08 20.07
L;os (cm) 157 271 271 271
Vior (m3) 0.288 0.392 0.393 0.300
ty (cm) 0.089 0.211 0.081 0.070
Insulation Thickness (cm) 0.0079 0.008 0.008 0.008
W: /Wy (%) 23.8 23.5 24.1 24.1
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Fig. 3.8 Interior layouts for retrofit analysis

The final design for both the retrofitted H>-combustion and the SOFC hybrid both resulted in six
passengers. For the Hy-combustion these changes result in a 5% decrease in overall aircraft weight
when compared to the conventional aircraft. For the SOFC such changes result in a 0.4% decrease
in mass when compared to the conventional aircraft. This change of mass is observed due to the
more energy-dense hydrogen, the choice of SOA materials, and the loss of three passengers, their
seats, and luggage. The highest weights in the Hy-combustion aircraft are the empty weight and the

weight of the passenger and bags, while the main weights in the SOFC are the empty weight and
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Fig. 3.9 Cross section of fuselage: (a) forward six small tanks (b) aft four tanks: one large
size, one medium, and two small tanks

the fuel cell mass, as seen in Fig. 3.10. An Hp-combustion and SOFC hybrid powered aircraft can
be designed where the same number of seats and cabin area is maintained. However, this would
require a refueling stop and result in higher energy requirements and higher emissions for both the

H;-combustion and the SOFC hybrid aircraft.
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Fig. 3.10 Resulting fractional weights from implementing a retrofit on a H;-combustion
(Left) and a SOFC hybrid (Right) powered Cessna Citation 560XLS+
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As expected, Hy-combustion and the SOFC hybrid produce zero CO; emissions, as seen in Fig. 3.11
Such figure also shows that kerosene fuel CO, and H,O emissions are the highest during the cruise
segments, with the second highest during the climb. Such a result is expected since emissions from
these segments are dependent on how much time is spent while fuel is being burned. In comparison,
higher emissions of CO and HC occur during idle and descent than CO, and H,O emissions,
due to incomplete combustion. Hp-combustion and the SOFC hybrid both results in higher water
vapor emissions and could therefore have a likelihood of contrail formation. When compared to a
conventional aircraft, the G-factor increases due to high vapor emissions and the possibility of the
low static temperature of the exhaust. In addition, fuel cells can produce condensation phenomena
at the earth’s surface if the weather is cold and close to frost. However, these are short-living
phenomena, which will disappear after a few seconds (outside of fog) and thus the term "contrail"

should not be used for such a transient phenomenon.
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Fig.3.11 CO,, CO, HC, NOy and H,O emissions per segment of conventional kerosene (Top),
H;-combustion (Middle), and retrofit SOFC-powered aircraft (Bottom)

As seen in Table 3.7, The NO, emissions per passenger-km are 2.81 x 107 kg, 3.94 x 10~ kg,
and 2.12 x 1074 kg for the conventional, Hy-combustion, and SOFC hybrid aircraft, respectively.
The water vapor (H,O) emissions per passenger-km are 0.062 kg, 0.255 kg and 0.137 kg for
the conventional kerosene powered aircraft, Ho-combustion, and SOFC hybrid powered aircraft,
respectively. The contrailing of the water vapor emissions depends on the environment, combustion
temperature, altitude and mixing line "G" shown in equation 3.12. Thus, hydrogen combustion
has the highest water vapor emissions per passenger-km, about 4 times more than conventional

kerosene. To effectively mitigate contrail formation, a multifaceted approach is needed, considering
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the varying impacts of different powertrain technologies. Firstly, optimizing flight paths using
real-time meteorological data can significantly reduce contrail formation, potentially by up to 20%,
by avoiding areas prone to contrailing . Moreover, evading or reducing night time flight or flying
at lower altitudes are possible solutions but must be critically assessed. Eliminating night flights
would require a substantial increase in daytime airport and aircraft capacity, potentially inflating
infrastructure costs significantly. Additionally, fuel consumption can increase by 10-15% when
flying at lower altitudes compared to optimal cruise altitudes due to denser air at lower altitudes..
Hence, addressing contrail formation requires balancing operational feasibility with environmental

goals[56, 97].

Table 3.7 NOy and H,O total emissions per passenger-km

Emissions Jet-A (kg/passenger-km) H (kg/passenger-km) SOFC Hybrid (kg/passenger-km)

NO, 2.81x 1074 3.94x 1074 2.12x 1074

H,O 0.062 0.255 0.137

The full lifecycle of CO;, results are categorized in two cases, as seen in Table 3.8. Case (i) stands
for one flight with nine passengers for the conventional kerosene powered aircraft, one flight with
six passengers for the retrofit Hy-combustion-powered aircraft, and one flight with six passengers
for the retrofit SOFC hybrid powered aircraft. Whereas, case (i1) models taking an additional flight
for the full lifecycle of the retrofit Ho-combustion and the retrofit SOFC hybrid aircraft. Such a
model is obtained by keeping the same original amount of passengers (9) for the same range and
adding an additional flight for both alternative fuel configurations. The results seen in Table 3.8
also show the full lifecycle as a function of the hydrogen sourcing production technique to compare
emissions from both sourcing gray and green. As seen in Table 3.8, 86.8% of CO, emissions for the
kerosene powered aircraft happen during the combustion process in the TTW path of the fuel seen
in Fig. 3.7 in Section 3.1.5. However, if tank sizing constraints did not require a second flight for

the H, and the SOFC powered aircraft, the results would have been closer to the values obtained for
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all case (i) instances.

In case (ii), where an additional flight is required for the H, and SOFC powered aircraft to carry
the same number of passengers as the Jet-A powered aircraft, the CO; emissions per passenger-km
change significantly. The gray retrofit Hy-combustion powered aircraft shows an 83.42% increase in
Well-to-Wing (WTW) CO, emissions compared to the kerosene powered aircraft. Surprisingly, the
green retrofit Hp-combustion powered aircraft does not show any change in WTW CO; emissions,
remaining at a 0% difference. For the SOFC configurations, the gray retrofit SOFC hybrid shows a
slight decrease of 1.60% in WTW CO; emissions, while the green retrofit SOFC hybrid demonstrates
a more substantial decrease of 46% in WTW CO; emissions compared to the kerosene powered
aircraft. Such results arise from the carbon emissions during extraction, sourcing, transportation,
and storage, as seen in the WTT path in Fig. 3.7 in Section 3.1.5. These results highlight the
nuanced environmental impact of transitioning to alternative fuel sources in aviation, especially
when considering operational constraints like fuel tank sizing. While the adoption of green energy
sources like the green H, and SOFC can lead to significant reductions in CO, emissions, operational
factors such as the need for additional flights can offset these environmental benefits, as evidenced

by the increased emissions for the gray retrofit Hy-combustion powered aircraft in case (ii).

However, case (i) shows a significant reduction in Well-to-Wing (WTW) CO, emissions for three out
of four configurations of the retrofit H,-combustion aircraft (green), and the retrofit SOFC-powered
aircraft (gray and green) when compared to the conventional kerosene powered aircraft WTW CO,
emissions. These percentages are: -25.13% for the green retrofit Hy-combustion-powered aircraft,
-26.20% and -59.63% for the gray and green retrofit SOFC hybrid powered aircraft, respectively.
Lastly, the carbon emissions from the gray retrofit Ho-combustion-powered aircraft show an 37.43%
increase compared to the conventional kerosene powered aircraft WTW CO, emissions. This
contrast in CO, emission reductions and increases across different fuel types emphasizes the complex
interplay of factors in aviation’s transition to greener alternatives. The significant decrease in

CO, emissions for green H, and SOFC technologies highlights their potential in reducing the
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aviation sector’s carbon footprint. However, the increase in emissions for the gray H,-combustion
aircraft underscores the challenges in selecting appropriate hydrogen sourcing methods. It reflects
the necessity of considering the entire fuel production and consumption cycle when evaluating
environmental impacts. The results from case (i) suggest that while alternative fuels can offer
substantial environmental benefits, their adoption must be coupled with sustainable production

methods to realize their full potential in reducing aviation’s environmental impact.

Table 3.8 CO; emissions for full lifecycle analysis of all configurations (kg/passenger-km)

Path Case Jet-A Gray H, GreenH, Gray SOFC Green SOFC
Well-to-Tank CO, (i) 0.0247  0.257 0.140 0.138 0.0755
(ii) 0.343 0.187 0.184 0.101
Tank-to-Wing CO, (i) 0.162 0 0 0 0
(ii) 0 0 0 0
Well-to-Wing CO, (i) 0.187 0.257 0.140 0.138 0.0755
(i1) 0.343 0.187 0.184 0.101

To enhance the clarity in emission comparisons among different configurations, we assessed
the Global Warming Potential (GWP) in terms of kg CO; ¢q emissions per passenger-km. This
assessment considers GWP values over a 100 years derived from relevant literature [98—100]. The
GWP factors employed in our analysis include: CO, at a factor of 1, HC at 21, CO at 1.7, NO; at 40,
and H>O at 0.059. Utilizing these factors, the Tank-to Wing kg CO; ¢q emissions were calculated to
be 0.177 kg CO, g/passenger-km for Jet-A aircraft, 0.0308 kg CO; ¢q/passenger-km for single-flight
H, combustion, and 0.0165 kg CO; ¢q/passenger-km for single-flight SOFC Hybrid system. It
is crucial to recognize that these values may vary depending on numerous factors, including the
geographic location of the flight. These assumptions are specific to North American airspace, where

the reference flight is conducted. The Tank-to-Wing (TTW) emissions associated with hydrogen fuel
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consumption exhibit significantly lower Global Warming Potential (GWP) across both configurations
when compared to the combustion of Kerosene. Incorporating Well-to-Tank (WTT) CO, emissions,
as detailed in Table 3.8, reveals that Jet-A fuel possesses a GWP of 0.217 kg CO; ¢q/passenger-km,
whereas green hydrogen demonstrates a GWP of 0.171 kg CO; ¢q/passenger-km. Additionally, green
SOFC technology presents a GWP of 0.092 kg CO; ¢/ passenger-km.

The integration of Solid Oxide Fuel Cells (SOFC) in aviation, while promising for emissions
reduction, is constrained by several technical and operational limitations. Firstly, the lifespan of
SOFCs in aviation contexts is a critical issue. SOFCs exhibit degradation rates of 1 - 3% per
1000 operating hours depending on operation, whereby less than 0.5%/1000 h are required for
economic efficiency [101, 102]. Stationary power systems are commercially available today with
stacks that exhibit very long lifetimes in the range of 40,000-70,000 hours [103] but for more highly
dynamic and more rigorous transport application SOFC lifetime is expected to be 4,000-5,000 hours
after intense degradation [104, 105], contrasting with the average lifespan of conventional aircraft
engines like the Pratt & Whitney Canada PW545C, which can exceed 6,000 hours before an engine
overhaul is required [71]. Hence, more frequent replacement of the SOFC is expected to increase
life-cycle emissions costs. The production of a 1 kW planar SOFC CHP system is estimated to
result in the emission of approximately 700-950 kg of CO,. These impacts are further amplified
when accounting for the production of replacement stacks [106].This discrepancy in lifespan could
require more frequent replacements for SOFCs, thereby imposing higher lifecycle emissions and

maintenance costs.

Additionally, SOFCs’ sensitivity to fuel impurities, especially when powered by gray hydrogen
containing contaminants like sulfur or carbon monoxide, can degrade cell performance and
reduce efficiency. These impurities can poison the Ni-based anode, leading to a decrease in the
electrochemically active surface area and a deterioration of the cell performance. A 1% contamination
by volume can decrease cell lifespan by up to 10% [107, 108]. Moreover, fast temperature changes

during flight pose durability challenges. The thermal management of SOFC systems, which must
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maintain a constant operating temperature for maximum performance, may face difficulties as a
result of this temperature variation [109]. Additionally, the impact of aircraft vibrations on SOFC
integrity is notable. Vibrations can lead to microcracks in the cell structure, affecting performance.
Under conditions of intense vibration, the ceramic materials used in SOFCs can exhibit brittleness,
making them prone to mechanical breakdowns, especially at high temperatures. Electrochemically,
microcracks in SOFCs impair performance by disrupting the electrolyte layer’s ability to conduct
oxygen ions, thus decreasing ionic conductivity and electrochemical efficiency. These cracks also
allow fuel and oxidant gases to mix, reducing fuel efficiency and potentially causing cell failure.
Furthermore, microcracks in the electrode layers reduce the active surface area, further diminishing
the cell’s electrochemical performance [110]. Thermal management also presents a substantial
challenge. SOFCs operate at high temperatures, necessitating advanced cooling systems that increase
weight and complexity. Controlling the heat output of SOFCs in an aircraft’s confined space is
crucial. Present thermal management solutions can restrict SOFC power output to the kW scale,
which falls short of the requirements for medium-sized aircraft. These limitations underscore the
necessity for considerable advancements in SOFC technology and infrastructure to make them a

feasible option for aircraft applications [111].

Table 3.9 Total fuel cost per segment per passenger-km

Segments Case Jet-A ($) Gray H ($) GreenH; (§) SOFC H; Gray ($) SOFC H, Green ($)
Takeoff (x1073) ) 1.26 2.75 3.84 0.892 1.25
Climb (x1073) @) 38.3 83.3 116 27.1 37.8
Cruise @) 70.6 160 224 108 151
Descent (x1073) i) 3.15 6.86 9.58 2.23 3.12
Approach (x1073) () 2.16 471 6.58 1.53 2.14
Taxi/Idle (x10~3) @) 2.90 6.31 8.83 2.05 2.87
Entire flight (x1073) @) 118 264 369 142 198
Entire flight (x1073) (ii) 352 492 189 264

Total fuel cost for mission (i)  4,143.18 6,161.55 8,612.92 3,310.33 4,627.34

(i1) 12,323.10 17,225.84 6,620.66 9,254.68
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Two cases were evaluated following the same approach as the lifecycle emissions for cases (i) and
(i1). From an economic perspective, significant changes in fuel costs per passenger-km result from
replacing kerosene with alternative fuel sources. In case (i), as seen in Table 3.9, the fuel cost per
passenger-km for gray Hr-combustion is 123.73% higher than kerosene, while green Hy shows an
even greater increase of 212.71% due to the higher cost of green H, production. The SOFC gray H;
configuration offers a 20.34% increase in fuel cost per passenger-km compared to kerosene, while

the SOFC green H; configuration sees an increase of 67.80%.

In case (i1), where two flights are required to carry the same number of passengers, the fuel costs
per passenger-km change more significantly. The SOFC gray H, shows a 198.31% increase in
fuel cost per passenger-km, while green H, shows a staggering 316.95% increase when compared
to kerosene for case (1). The SOFC hybrid configurations also exhibit increases in fuel costs per
passenger-km, with the gray SOFC hybrid showing a 60.17% increase and the green SOFC hybrid

showing a 123.73% increase compared to kerosene for case (i).

The change in capital cost for purchasing the SOFC hybrid includes a total of 919,497.27 USD for the
cryogenic tanks plus the SOFC power train, while the change in capital costs for the H,-combustion
aircraft 1s 49,661.50 USD from the cryogenic tanks. Additionally, when examining the "Total
fuel cost for mission" as presented in Table 3.9, a significant economic implication emerges for
both cases. In case (i), the total fuel cost for alternative fuels ranges from $3,310.33 to $8,612.92,
with the green H, being the most expensive, highlighting the premium associated with greener
options. Conversely, in case (ii), the total fuel cost escalates substantially for the H; and SOFC
configurations due to the requirement of an additional flight, with costs ranging from $6,620.66 to
$17,225.84, thereby emphasizing the economic impact of operational constraints in the adoption of
alternative fuels. These cost changes highlight the economic challenges associated with transitioning
to alternative fuels in aviation. While some configurations show significant increases in fuel costs,
particularly in scenarios requiring additional flights, they reflect the current state of technology and

the premium associated with greener fuel options. This underscores the importance of considering
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both environmental and economic factors in the adoption of alternative fuels in the aviation industry.

3.3. Conclusion

The proposed methodology models the performance, emissions, lifecycle and costs of a retrofitted
Hj-combustion and a retrofitted SOFC hybrid powered aircraft. Such methodology consists of a
constant range and airframe analysis to design liquid hydrogen fuel tanks that satisfy insulation,
sizing, center of gravity, and power constraints. The interior layout analysis results in a 5% and 0.4%
decrease in takeoff weight for the H,-combustion and SOFC hybrid aircraft respectively. However,
the resulting mass change is achieved at the cost of removing a few passengers and their luggage
to account for cryogenic tank sizing and weight constraints for the same range. Therefore, neither
H,-combustion nor the SOFC hybrid aircraft are able to carry the same number of passengers
for the same range as the kerosene powered aircraft. Although kerosene powered aircraft can
transport a greater amount of passengers per trip, carbon emissions are higher since conventional
kerosene combustion has the highest WTW CO, kg emissions of 6,546 kg per flight. However, for
kg CO; per passenger-km, gray Hy-combustion aircraft surprisingly results in the highest WTW
CO, emissions. Nevertheless, great advantage for potential carbon mitigation arises from utilizing
hydrogen alternative fuels since kerosene combustion also produces other GHG emissions besides
NOy, CO,, and H;O that all systems share. The NO, emissions per passenger-km are highest in H;

combustion aircraft and lower in the Kerosene and SOFC hybrid aircraft consecutively.

In terms of WTW CO, emissions per passenger-kilometer, the study reveals varied impacts depending
on the fuel type and operational scenario. Case (i) shows that green hydrogen and SOFC technologies
significantly reduce CO; emissions in aviation, with reductions of 25.13% and 59.63% respectively,
compared to conventional kerosene. However, the gray Hp-combustion aircraft increases emissions
by 37.43%. However, other greenhouse emissions must be evaluated when comparing the SOFC
hybrid to the Hy-combustion. H,O TTW emissions are highest for the Hy-combustion aircraft

and therefore have a likelihood for contrail formation. Addressing contrail formation is crucial
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given its radiative forcing impact, comparable in magnitude to CO, emissions from kerosene
combustion [112]. However, alternatives like avoiding night-time flights or flying at lower altitudes
must be evaluated against practical and economic constraints. For instance, restricting night flights
significantly increases demand on daytime airport and aircraft capacity, potentially escalating
infrastructure costs. Moreover, lower altitude flights could lead to increased fuel consumption
and emissions, offsetting the benefits of reduced contrail formation. This necessitates a balanced
approach, where strategies are tailored to optimize both environmental impact and operational
feasibility. Further exploration into efficient flight routing, advanced aircraft designs, and alternative
fuels could provide more viable solutions for managing contrail effects without disproportionate cost
implications. The economic analysis also reveals significant increases in fuel costs per passenger-km
for both H,-combustion and SOFC configurations, compared to kerosene. The most notable is green
H; shows a 212.71% increase for the green Hy-combustion variant, which is likely due to the higher
production costs associated with green hydrogen. Meanwhile, the SOFC gray H, configuration
offers the cheapest change in the price with a 20.34% increase in fuel cost per passenger-km due to
the lower cost of gray hydrogen and higher efficiency of the system. However, a more expensive
one-time capital cost of $919,497.27 comes from purchasing the SOFC power train. Such is a
potential trade-off that aids carbon mitigation in the near future for the cost of omitting a few

passengers for the same range.

Moreover, in our exploration of retrofitting business jets with alternative propulsion systems, we
have carefully considered a range of crucial factors such as the aircraft’s weight, operational range,
cabin size, and engine types such as turbofan, turbojet, and turboprop. The focus of our study,
primarily on the Cessna Citation XLS+, has yielded a methodology robust and versatile enough
to be applied across various aircraft categories and engine types. However, it is imperative to
also account for the specific maintenance requirements and operational efficiencies of different
aircraft models in any comprehensive retrofitting strategy. Our research, while detailed for the
Cessna Citation XLS+, provides a foundation for subsequent studies. The findings indicate that,

generally, medium-sized business jets with similar cabin sizes and power requirements in the same
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range (around 13 cubic meters and 2.3MW, respectively) are likely to be suitable candidates for
similar retrofitting processes. Business jets of similar size and lower power requirements should
particularly expect positive retrofitting results. Importantly, the analysis we conducted also suggests
the need to validate the generalizability of our success with the Cessna Citation XLS+ to other
similar medium-sized, 9-seater business jets. This validation is crucial, as it will confirm the broader
applicability and potential effectiveness of our retrofitting methodologies across a wider array of

aircraft within the aviation industry.

The results presented in the retrofit, cost and emissions analysis illustrate the complex balance
between environmental benefits and economic considerations in the aviation sector’s transition
to alternative fuels. While alternative fuels like hydrogen and SOFC technologies offer potential
reductions in CO; emissions, their economic viability and the operational adjustments required
(such as passenger capacity reductions for the same flight range) must be carefully considered. The
methodology presented is adaptable to various aircraft categories and engine types, but its broader

application requires an assessment of these multifaceted variables.
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4. Dynamic Modeling and Integration Analysis of

Hydrogen SOFC/GT-Powered Aircraft

Parts of this chapter, in parts or in whole, are co-authored by and published in: Khaled Alsamri, Sajjad Rezaei,
Vanessa Chung, Jacqueline Huynh, and Jack Brouwer. "Dynamic Modeling of Hydrogen SOFC/GT Powered Aircraft
with Integration Analysis," AIAA 2024-1532. AIAA SCITECH 2024 Forum, January 2024.

Despite these appealing attributes, SOFC/GT systems adoption in aviation has been hindered partially
due to a lack of comprehensive research including dynamic modeling to verify its operational
viability under the wide range of dynamic and harsh flight conditions. This chapter strives to fill this
significant gap in the literature. The dynamic behavior of a hydrogen-powered SOFC/GT system in
an aviation context remains relatively unexplored, forming the basis of our investigation. We present
a novel approach to dynamic modeling of a representative retrofitted SOFC/GT powered Cessna
S550 Citation S/II, meticulously accounting for the intricate complexities of flight conditions. This
study is critical as the robustness of the SOFC/GT system under dynamic conditions is the key to

ensuring the system safety, reliability, and commercial viability.

4.1. Dynamic Simulation Methodology

The methodology for modeling SOFC/GT powered aircraft primarily utilizes Efficient Allocation of
Grid Energy Resources including Storage (EAGERS) and SpaTially Resolved Integrated Dynamic
modeling of Electro-chemical Systems (STRIDES), dynamic modeling tools within MATLAB.
EAGERS, developed by University of California Irvine and Washington State University, is an
open-source platform recognized for its extensive capabilities in analyzing and optimizing various

energy systems [113]. Its scalable, modular design is ideal for designing, simulating, and controlling
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district energy systems. STRIDES complements EAGERS by facilitating non-linear simulation of
energy system components, such as heat exchangers, batteries, inverters, and fuel cells, which can
be integrated into larger systems and networks. This tool’s strength lies in its ability to perform
high-fidelity and spatially-resolved simulations using both detailed physical models and simplified
reduced-order models, with local controllers for each component, enhancing its applicability to

aircraft powertrain simulations.

The primary focus of the model is the dynamic response of the system to varying power demands,
alongside a comprehensive analysis of its electrochemical characteristics. The model will be
configured using the EAGERS platform to represent the SOFC/GT system and its components
accurately, followed by the definition of the governing equations and system constraints. The
research emphasizes investigating the complex interaction between the dynamic behavior of the
power system and the underlying electrochemical processes within the SOFC. This synergistic

modeling approach aims to identify potential areas for system optimization and improvement.

For an effective dynamic model of an SOFC/GT system, it is essential to incorporate specific
thermochemical conditions, SOFC properties, GT transfer functions, and geometrical component
specifications. These conditions, encompassing input, output, and internal system flows, can be
figured out using built-in fuel-cell stack design modules under both nominal and partial loads. Key
SOFC characteristics such as the polarization curve, cell count, operating temperature, and fuel
type are also input, alongside the GT compressor and turbine maps that characterize performance at
varied loads, pressure ratios, and speeds. The model also requires precise controls for regulating
fuel and air supply, temperature, and potentially load adjustments on the GT to avoid surge or stall

events, ensuring a realistic and safe operation.

The simplified framework, as depicted in Fig. 7.1, presents an integrative framework for the dynamic
modeling of an SOFC as part of an aircraft power system. The model emphasizes the initialization
process with the design point SOFC operating conditions, including temperature, flow rates, fuel

utilization, and an initialization of each component in isolation. This modular approach facilitates
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targeted optimizations and adjustments, ensuring each component reaches a steady operational state

before integration into the larger system.

Static model initiation Non-linear simulation
Build system model and i T o i
deﬁl_w operating Initial_ize each component Aggregates the output of each
conditions (pressure, independently component model
temperature, flow rates, 1 l
fuel utilization factor, air -
utilization factor) C‘U'T“_’ETIEE component P-I | Converge the inlet of each block |
initializations to an controls, l
l Initial approximation of steady-state Adjust
parameters operation. parameters | Converge model |
SOFC Model T - @ e—_
Produce SOFC Voltage & current l -
| Run non-linear simulation l
Solve for remaining Run non-linear model steady l
conditions from steady- state Analysis:
state fuel cell I *  Power output vs Power demand profile.

*  Power ramping and reduction capabilities and speed.
*  System efficiency and robustness.

+  Emissions

*  System efficiency

Fig. 4.1 Flowchart of SOFC/GT system modeling and analysis process.

Once the system is constructed and initial parameters are established, the SOFC model solves
the system of dynamic governing equations for a long period of time in order to garner an initial
steady-state set of operating conditions for the fuel cell system. The physical period of time typically
required for solving the non-linear model to achieve this steady state is a 24-hour period. After
achieving a steady state, Proportional-Integral (PI) controls are fine-tuned, allowing the model to
dynamically respond to a demand profile over time. The outputs of each component are aggregated,
and the inlets of each component block are combined before the model converges and reacts to the
power demand profile, converging at each time-step. This convergence enables a comprehensive
analysis of the system’s behavior over time. The analysis focuses on power output relative to power
demand profiles, which reflects the system’s capacity to meet the aircraft’s operational requirements.
Moreover, the model rigorously examines the capabilities for power ramping and reduction, which

are crucial for aircraft systems that need to rapidly adapt to fluctuating power requirements.

The model shown in Fig. 4.2, depicting the powertrain SOFC/GT hybrid setup for Medium-Range and

Long-Range aircraft, will be primarily employed. The design will be realized and scrutinized via the
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modeling and simulation in STRIDES. The cell/stack model, governed by Eq. (1-22), encompasses
an electrochemical model and energy balance of the positive electrode-electrolyte-negative electrode
(PEN) structure, as well as the energy balance of fuel and air streams and interconnect plates. A
comprehensive dynamic mass balance equation for the entire system is established. The core of
the system design is the heat and power production by the quasi-3D SOFC model, wherein the
fuel cell is integrated into the hybrid cycle as a topping cycle to the GT. An oxidizer raises the exit
temperature for use in a recuperator, which increases SOFC compressed air inlet temperatures. The
resulting heated flow drives a turbine that mechanically operates the compressor, maintaining a
pressurized system at 3 atm. Surplus mechanical energy from the turbine is harnessed to generate
electricity through a generator. In this design, the waste heat and oxidized anode tail-gas from the
SOFC provide all of the energy required for air compression and additional electricity (from the GT

and generator).

Exhaust ---- : electrical energy
— : mass flow 1

: mechanical energy

My

Generator

—
| Battery I |DC ACl {7 Tisream

Compressor

bypass bypass
; mixer A 4
Electric
blower
Motor ol —Cj J ) Fuel Supply
. My, System:
—~ ¥ —] Anode Pump
Vaporizer
SOFC Heater
Expander
i,
Cathode e
4__
mair, compressor
LT
mixer Oxidizer Recuperator
mHgD mﬂz

Fig. 4.2 Schematic of a Solid Oxide Fuel Cell/Gas Turbine (SOFC/GT) hybrid power System,
illustrating the flow of electrical energy, mass, and mechanical energy. Key components
include the fuel heater, recuperator, fuel pump, and various flow paths for hydrogen and air.

The system of Fig. 4.2 was designed and selected for its pressurized operation at altitude and
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potential high efficiency throughout a flight. Integrating the FC directly, instead of using indirect
heating, removes the need for extra heat exchangers and their corresponding mass and volume.
Pressurizing the fuel cell boosts its performance and increases power density (also reducing mass
and volume). The system’s design, featuring bypass options and cathode recirculation, facilitates the
control of air flow rate and cathode inlet temperature, even at a constant turbine speed. Additionally,
air compression not only pre-heats the air but also increases the heat available for the turbine, thereby

generating more electricity via a generator.

Pressurizing an SOFC/GT system offers efficiency benefits but raises concerns. Increased pressure
can risk cell fracture, especially during rapid pressure changes, and may lead to stall or surge issues
in the cathode due to high air volume between the compressor and turbine. To ensure safety, the
design must choose robust cell materials, actively control the system to ensure gradual pressure

changes, and employ advanced control systems for pressure and thermal management.

4.1.1. Governing Equations

The main power source of the proposed system is a Solid Oxide Fuel Cell (SOFC) operating with
hydrogen as fuel, characterized by power densities of 2.5 kW/kg and 7.5 kW/kg. The SOFC stack
is modeled using a quasi-3-D approach, where the unit cell is divided into five control volumes:
two bipolar plates, two flow channels, and the Positive Electrode-Electrolyte-Negative Electrode
(PEN) assembly. These control volumes are arranged in a 5x5 node grid, with each node computing
electrochemistry, mass, momentum, and energy conservation, along with heat and mass exchange

within each node and between adjacent nodes.

In SOFCs, electrochemical reactions occur simultaneously on both the anode and cathode sides.
Hydrogen is oxidized at the anode, while oxygen is reduced at the cathode. To complete the electrical
circuit, electrons released during the anodic reaction travel to the cathode through an external

circuit, while oxygen ions (O?~) produced at the cathode are transported through the ceramic oxygen
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ion-conducting electrolyte to the anode. The reactions are given by [114]:

Anodic reaction: Hy + 0>~ — H,0 + 2e” “4.1)
Cathodic reaction: O, +4e~ — 20%" 4.2)

. 1
Overall Reaction: H, + 502 — H,O “4.3)

The Nernst equation for calculating the reversible voltage of the SOFC system as follows [115] :

AGy RT
rev = ——— + —In

4.4
nF nF 4

Py, - P
Pu,0

where AG is the Gibbs free energy at operating conditions, n is the number of electrons transferred,
F is Faraday’s constant (96485 C/mol e™), R is the universal gas constant, 7T is the cell operating

temperature, and P; is the partial pressure of the reacting gas i.

SOFC operation results in cell voltage losses due to activation, ohmic, and concentration polarizations.

The operating cell voltage is given by:

Vcell = Vrev — Nactivation — TJohmic — T]concentration (45)

where the voltage drops can be determined following the procedures outlined by McLarty et al.

[116]: Activation losses:

RT

=——1In
Nact anF

'+RT1
——1In
Jo ank

ZIJTT) sinh™! (ZLJO)) (4.6)
nF

Ohmic losses:
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=7 X —
nohm .] O_O,ie_AGacl/RT

Concentration losses:

1 RT Jta

RT ( PH2 ) _ RT - ﬁDa,effPHz,in

- —— ln -
Tlcon,a F Pio F 1+ BT jta

2F Da,eﬂPHZO,in

=——1n
4F POz,in

Do, x(eft)

00, =
* Do, ke + Do, y, keefh)

RT ( Poz ) RT Pc/doz - (Pc/502 - POz,in) X e*fPeerle
n

“.7)

(4.8)

4.9)

(4.10)

Here, a, jo, J, t, 09, AG, and D represent the charge transfer coefficient (0.5), exchange current

density, current density, material thickness, electrical conductivity, activation energy, and diffusivity,

respectively.

The SOFC stack power is calculated by:

Veen Xnx jxA
1000

Pgtack =

The current density of the SOFC stack is [117]:

J=4XF Xnop,

where 110, is the molar consumption rate of oxygen in the SOFC cathode.

The energy balance for the interconnect plates is:
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dTr

mplatecplatez = Qconv + Qcond + Qrad (4- 1 3)

where mpjae and Cpjaee are the plate mass and heat capacity. Q represents the heat transferred.

The energy balance for the PEN assembly is:

dT
pVCPENE = Qconv + Ocond + Orad + Qgen (414)

where p, V, and Cpgy are the density, volume, and heat capacity of the PEN, respectively.

Local convective heat transfer is calculated assuming fully developed laminar flow and uniform

temperature:

(4.15)

where /. is the convection heat transfer coeflicient, Nup is the Nusselt number, Dy, is the hydraulic

diameter, and k is the thermal conductivity.

The energy conservation equations for the flows are calculated by the dynamic balance of enthalpy

flows in and out of each control volume plus all heat exchanged with adjacent control volumes as

follows:
. ar . .
nairCPE = Rinhin — flouthout + Oconv + Qcond + Crad — Qion (4.16)
. ar . .
nfueICPE = Rinhin — fouthout + Qconv + Qcond + Crad + Ocond + Qion — Pgen - Qgen 4.17)

In the above equations, 71, Cp, and h are the molar flow rate, specific heat capacity, and specific
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enthalpy of the flows in the channels. Qjo, denotes the heat transferred by oxygen ions, and Pge,,
represents the power generated.All the mass balance equations used in this model are solved using
the general dynamic mass balance equation shown in Equation 4.18. The mass balance equations

for the flow channels are as follows:

LdX; .
n dtl = ninXi,in - noutXi,out + Reonsumed (4.18)
7 d 4.19)
n = .
fuel 2Ufuel F

where X is the molar ratio of reactants, and R is the reaction rate. Equation is used to calculate the

anode inlet flow rate, where U, 1s the fuel utilization.

Fuel utilization can be determined as follows [26]:

AnH
Utgel = —— (4.20)
”Hg,in
The overall efficiency of the SOFC stack is calculated as follows [26]:
U X Pgtack
Moverall = —— = H““ @.21)

where AH is the difference in inlet and outlet stream enthalpy flows. The electrochemical efficiency

of the cell is determined by the following equation:

Vcel]
Vrev

(4.22)

Helectrochem =

In the proposed powertrain system, an oxidizer is employed after the SOFC to oxidize the remainder
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of hydrogen in the anode tail-gas. This configuration can increase the outlet temperature of the
SOFC system to reach higher temperatures that are more suitable for good turbine performance

[118]. The energy balance of the oxidizer is as follows:

dT
flouthE = Z (flinhin - ’;louthout) (4.23)

For the compressor and turbine, a dynamic model is employed which includes industry-standard
performance maps and dynamic conservation equations. Shaft speed, flow rate, and pressure ratio

are normalized as previously reported by Lee and McLarty et al. [118, 119]:

RPM Tin
NrpM = ———— (4.24)
REM RPMdes Tdes
o Tin
ow Tdes
Netow = m—— 1 (4.25)
Flowdes ﬁ
P out
Npr = —— (4.26)
P inPRdes
PRorig -1
PRneW =1+ (PRdeS — 1) ﬁ (427)
es,orig

In the above equations, N; is the normalized value for property i, PR is the pressure ratio, 7j, and

Tyes are inlet and design temperatures, and PR 1s the original pressure ratio.

The compressor model inputs involve inlet temperature, pressure, and concentrations, shaft speed,
and exhaust pressure. Empirical correlations are used to estimate the flow rate into the compressor.
Then, compression efficiency is obtained from look-up tables based on the normalized speed, flow
rate, and pressure of the compressor map. The compressor work is calculated using the method

reported by Lee [118]:
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_ ﬂout(hisen - hin)

We (4.28)
Tic
dTqu; , . . .
ncCy ;tmd =Wc + Ein — Eout + Qconv (4.29)
dT ol . )
mCp C;C;hd = Qconv + Qrad (430)

where W¢ is the compressor work, 7 is the molar flow rate, 1 is the mass flow rate, n¢ is the
compressor efficiency, hjsey, 1S the isentropic enthalpy, Ajj, is the inlet enthalpy, E;, and Ey are the

energy flows of the inlet and outlet, and Cp and Cy are the heat capacities.

The turbine model operates with inlet temperature, concentrations, inlet flow rate, and exhaust
pressure. A control volume method is used to determine the pressure just before the initial turbine
stage, involving a dynamic mass balance of the incoming and exhaust flow rates, allowing for mass
accumulation between the compressor and turbine. The scaled performance map calculates the
exhaust flow rate using Equation (31). The turbine work is calculated from expansion efficiency and
pressure ratio as shown in Equation (32). The energy balance equations are completed through the
inclusion of turbine work and heat transfer between the solid turbine components and the working
fluid. These equations are then used to determine the temperatures of the solid metal and fluid

exhaust, as shown previously in [50, 118] via Equations (33) and (34).

dP

VE = (ﬂin - flout)RTin (4.31)
WT = Ein - flout (hin - nT(hisen - hin)) (432)
dTqy; . . . .
ncCy ;tuld =Wr + Ein — Eout + Qconv (4.33)
ATl . )
ch ;;hd = Qconv + Qrad (434)

where V is volume, P is pressure, R is the universal gas constant, and Wy is the turbine work.
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4.1.2. Initialization and Control Modeling Framework

As depicted in Fig. 1, building a model in STRIDES involves initializing and aligning the components
assembled in the plant variable, then steering them towards a steady-state operating condition.
This process ensures all variables are appropriately scaled and normalized, mitigating numerical
problems and rounding errors in subsequent computations. Crucially, the states of each component
are consolidated into a single vector to be later used in an ordinary differential equation solver. An
essential part of this process involves a two-step component initialization, adjusting the model to
approximate steady-state operation. The EAGERS user manual contains detailed instructions for the

model’s construction and operation [113].

The STRIDES model for an SOFC/GT system involves detailed initialization and control parameters.
The initialization function sets fixed component parameters that are independent of inlet values or
operational conditions. It also includes an estimate of all states and appropriate scaling factors. The
correct choice of these initial values and scales is crucial to ensure system stability. They are stored
in a structure that preserves their order throughout the operation of the system. The initialization
function also defines the inlet and outlet port names and assigns initial conditions to each. For ports
connected to other components, the initial value will be overridden, but for unconnected ports, it

remains constant. The initial conditions can also be updated if necessary [113].

Controllers in the STRIDES model have the same structure and requirements as component functions.
They are initialized last, which gives them access to parameters from any of the components. This
ordering is important in the context of system linearization, where the controller is left in place
to enable the development of optimal MPC (Model Predictive Control) controllers that match the
input/output ports of the original controller. In summary, the careful selection of initial values and
precise controls is paramount in the STRIDES model. These choices affect the system’s stability
and its ability to respond to changes in operational conditions. A more detailed discussion regarding

the control strategy and selection of initial values is to be explored further in the text.
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Fig. 4.3 Simplified control strategy for SOFC/GT simulation.

In advancing SOFC/GT systems for aeronautical applications, key control strategies, outlined in
Fig. 3 and Table 1, are crucial. The control strategy adopted here is adapted from multiple sources
[25, 118]. The Power Ratio (PR) sets essential operational parameters, informing linear functions
for specific temperature targets: cathode outlet temperature, cathode inlet temperature, and Turbine
Inlet Temperature (TIT). RPM control combines feedback from T¢am oue and fuel cell power targets
with feedforward mechanisms for faster response while managing thermal transients. The GT
power set point, vital for RPM stability, operates independently from the GT actual output to allow
generator power on the GT shaft to float so that the SOFC temperature control (via inlet air flow and
temperature control) is prioritized. Cathode inlet temperature is regulated through an air bypass
valve to maintain ideal thermal conditions. Recuperator Bypass is used to maintain set TIT at
1155 K under varying loads; the system adjusts flow accordingly as changes in load necessitate
recalibration of inlet/outlet temperatures and TIT targets for thermal stability. Maintain TIT sustains
stability and high efficiency of the turbine and stays within limits of the turbine map. Regular
recalibration of feedforward RPM settings, involving adjustments in gain and coefficients, refines
control accuracy. Finally, oxidizer bypass is used to control recirculation of the anode exit using
a blower. The implemented strategies collectively control the SOFC/GT system for safe dynamic

operation and evaluation for aircraft powertrains.
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Table 4.1 Control Strategy Description

Component

Description

Power Ratio Calculation

Temperature Set Points
RPM Control

Gas Turbine Power Set
Point

Cathode Inlet Tempera-
ture Control

Fuel Cell Power Match-
ing

Temperature Target Ad-
justment

Calculate Power Ratio for set points.
Set cathode outlet, cathode inlet, and Turbine Inlet Tempera-
ture targets using Power Ratio-dependent linear functions.

Control Revolutions Per Minute using cathode outlet temper-
ature feedback and fuel cell power target feedforward.

Determine Gas Turbine power for RPM control, independent
of actual output.

Regulate cathode inlet temperature through a bypass valve.

Align fuel cell power with load demand by adjusting current
density.

Modify inlet and outlet temperatures and reduce Turbine
Inlet Temperature targets in response to load changes.

Recalibration of Feedfor-
ward RPM

Update feedforward Revolutions Per Minute settings by
tuning gain and coeflicient values.

4.2. Demonstration of Dynamic Model on Example Cessna Flight Trajectory

4.2.1. Integration Analysis

The integration analysis is demonstrated on a representative Cessna S550 Citation S/11. Private
jets are attractive for this analysis because they offer a compact yet practical platform for testing
and validating advanced powertrain systems with high emissions reduction potential. Our previous
work [120] assessed the feasibility of such a system in a Cessna Citation XLS+, which has a cabin
volume of 422 ft3, excluding baggage storage. Both aircraft are designed to carry 8 passengers. The
XLS+ is marginally larger, with about 15% more height and 13% more width than its predecessor.
In comparison, as depicted in Table 2, the Cessna Citation S/II offers slightly less spacious cabin
dimensions, with a typical length of about 16 ft (4.88 m), a width of approximately 4.10 ft (1.49 m),
and a cabin height of around 4.9 ft (1.46 m) [121].

However, the primary focus of this paper is not to detail the integration analysis but rather to
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Table 4.2 Cessna S550 Citation S/II Interior Dimensions

Interior Dimensions Measurement
Cabin Length 16 ft (4.88 m)
Cabin Width 4.10 ft (1.49 m)
Cabin Height 4.9 ft (1.46 m)

Cabin Volume (excluding baggage) 422 ft®

demonstrate the feasibility of integrating an SOFC/GT system and evaluating its dynamic response,
following the initial design analysis based on the retrofit methodology developed in our previous
work [120]. The Citation S/II is preferred due to its longer range (energy required) and lower thrust
and power requirements, making the lightweight hydrogen energy and smaller heavy SOFC/GT
powertrain attractive. The design follows the same approach for tank integration and the SOFC/GT

powertrain at the rear of the aircraft.

As shown in Table 3, the Cessna S/II can carry a maximum fuel payload of 2,267 kg, which is
equivalent to 815.6 kg of hydrogen for the same flight distance using combustion. The estimated
efficiencies for SOFC systems in the literature range from 65% to 75% [44], significantly higher
than the approximate 34% efficiency of the conventional Pratt & Whitney JT15D-4 turbofan engines.
For a maximum range flight of 2000 miles, approximately 570 kg of hydrogen is required, based
on SOFC/GT efliciency estimates from literature assuming 70%. This initial assessment suggests
an integration advantage for SOFC-powered aircraft. Considering the lower thrust and power
requirements of approximately 1.3 MW for the S/II, the 0.9 MW SOFC analyzed would weigh 360
kg, the 66 kW gas turbine would weigh 15.4 kg, and the electric motors, based on a density of 7

kW/kg for advanced electric motors, would weigh 182 kg.

The cryocooler, essential for maintaining the superconducting state of the SOFC system, is estimated
to weigh approximately 39.8 kg, based on a cryocooler power fraction Xp of 0.0006 and a specific
mass of 3 kg/kW of input power, as shown in the equations below. Assuming typical values based

on the paper: the hot temperature 73 is 300 K, the cold temperature 7, is 50 K, the cryogenic
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inefficiency A, 1s 0.0017 for advanced HTS systems, and the second-law efficiency 7. is 0.3, which

is 20% of Carnot efficiency [122].

Ao Ty 0.15

Xp = = =0.01 (4.35)

e i-T.) 50
P, =Xp x Py =0.01 x 1300 kW = 13.26 kW (4.36)
Cryocooler mass = 3 kg/kW x 13.26 kW = 39.78 kg (4.37)

This setup would replace the two JT15D-4 engines, each with a dry weight of 253 kg.

Fuel payload for 2000mi
Jet A Hydrogen combustion Hydrogen SOFC/GT
2,267kg 815.6 kg 570 kg

The SOFC/GT system is assessed for its capability to meet the entire load profile of 1.29 MW alone,
without the assistance of a battery for rapid response. In this case, the SOFC/GT system must
provide the full power requirement. However, an alternative scenario involves using a battery that
can produce 25% of the power rating for 15 minutes. In this scenario, the SOFC/GT system would
only need to provide 75% of the power demand, which equates to 967.5 kW. This second scenario is
implemented in the mass analysis provided below. The aircraft remains well below the maximum

takeoff weight (MTOW) requirements.

The weight reduction highlighted in Table 4 is primarily attributed to the lighter hydrogen fuel and
the reduced payload resulting from fewer passengers and seats. The reduced fuel and payload enable
a more efficient configuration, enhancing the aircraft’s overall performance and compensating for
the additional weight of the SOFC/GT system and its associated components, such as the cryocooler

and electric motors.

The SOFC unit occupies a volume of approximately 5.65 ft3, while the gas turbine occupies

about 0.09 ft3. Given that the standard Cessna S/II has a cabin volume of 422 ft® (excluding
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Table 4.3 Mass Analysis of Retrofitted Aircraft

Component Mass (kg)
MTOW 6849
SOFC System 360

Gas Turbine 154
Electric Motors 182
Cryocoolers 39.8
JT15D-4 Turbofan Engine 253 each
Battery 268

Fuel 570

Tanks 78

Total Takeoff Mass 6195 < MTOW

baggage storage), the SOFC system would occupy about 1.34% (5.65 ft3) of the cabin volume in a
block-shaped setup. The GT occupies 0.09025 ft3. The battery, sized to 322 kW power output and
80.63 kWh, would occupy a volume of 4.25 ft3, considering an energy density of 0.67 kWh/L. This
volume analysis indicates that the powertrain system can be accommodated in the rear of the aircraft

while remaining within the required center of gravity envelope.

4.2.2. Implementation Analysis

To assess the viability of integrating an SOFC engine into a conventional aircraft, a demonstration
of the dynamic model on an example existing subsonic business jet configuration was utilized. In
this model, all the technical specifications of the Cessna S550 Citation S/II were retained, with the
sole modification being the replacement of the jet engines and a retrofit with SOFC engines as done

in our previous work [120].

To demonstrate the dynamic modeling, a representative thrust profile of an observed trajectory of
this aircraft from surveillance data was modeled. The observed trajectory selected was a flight
from Dulles International Airport (IAD) near Washington DC to Cyril E. King Airport (STT) in

the Virgin Island of St. Thomas by an existing Cessna S550 Citation S/I1, as depicted in Fig. 4.4.
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The required percentage of maximum thrust per time of the retrofit SOFC engine for the chosen
flight trajectory was determined using a low fidelity performance model of the aircraft under the
conditions shown in Table 4.4. This necessitated the determination of the drag and lift profile,

weight distribution profile, distance traveled, and altitude of the flight trajectory.

Table 4.4 Flight Conditions for Example Flight Trajectory of Cessna S550 Citation S/II from
Washington Dulles International Airport (IAD) to St. Thomas’ Cyril E. King Airport (STT)

Parameters Values
Maximum Takeoff Weight (1bs) 15,100
Range (nmi) 1551
Takeoff Field Length (ft) 10,501
Cruise Mach Number 0.67
Cruise Altitude (ft) 42,950

Pressure at Cruise Altitude (atm) 0.16
Temperature at Cruise Altitude (°R) 389.97

IAD

Fig. 4.4 Example flight trajectory of Cessna S550 Citation S/II from Washington Dulles
International Airport (IAD) to St. Thomas’ Cyril E. King Airport (STT).

This preliminary analysis was conducted using data acquired from "FlightRadar24" to obtain the
coordinates and velocity profile necessary for subsequent calculations. It is important to emphasize
that only ground speed data was available for this analysis. Consequently, ground speed was used in
the performance model to simplify the calculations. Although ground speed does not account for

wind effects and may differ from true airspeed, it provides a consistent basis for this demonstration,
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which primarily focuses on dynamic modeling. Given that this trajectory serves as a demonstration,

the use of ground speed is deemed sufficient for illustrating the dynamic modeling process.

The thrust profile was determined by considering various factors such as the aircraft’s weight
during each flight segment, the climb or descent angle during ascent or approach phases, and the
aerodynamic efficiency. Assuming the aircraft as a point mass, the thrust was calculated for each

timestamp of the flight trajectory using the following equation:

1
Thrust = i + — 35
rust = w (sm(y) L/D) (35)
By using the great circle distance equation, along with the longitude and latitude coordinates of
the flight trajectory, the altitude, distance traveled by the aircraft, and flight path angle (y) can
be obtained. To acquire the thrust needed per each flight segment, the weight of the aircraft was

determined using the Breguet Range Equation over incremental segments of the flight:

Winitial R-g

;ou=
et (571

Wiel = (36)
where R and g represent the range of the flight and gravitational force, respectively. In addition, the
weight variation using the SOFC engine is found to be small. This is due to the power efficiency and
small fuel consumption and light weight of liquid hydrogen. Kerosene has a specific energy of 43
MJ/kg while liquid hydrogen has roughly a specific energy of 120 MJ/kg. This, in turn, lowers the
fuel weight carried by the aircraft by 25%. However, this will raise a new challenge for the fuel

tanks, as is later discussed in the conclusion section.

To obtain the thrust profile, drag must also be calculated using temperature, Mach number, pressure,
and density at a specific altitude. This is important as both the parasite drag and induced drag take

into account density and the Reynolds number. Drag, depicted in Fig. A.1, can then be calculated
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using the equation below:

1
D = 307 S (CDC +Cp, +Cp, + CD,) 37)
where the compressibility drag coefficient is only accounted for during the cruise phase. Additionally,
the landing gear is deployed only during takeoff, approach, and landing operations of the flight

trajectory.

Fig. 4.4 recreates the flight trajectory, flying from IAD to STT, by utilizing the longitude and
latitude coordinates retrieved from the flight tracking website FlightRadar24 [5]. The result acquired
from Eq. (35) is illustrated in Fig. 4.6, showing the changes in maximum thrust needed for the
takeoff, climb, cruise, approach, and landing phases. From the graph, it is observable that the
thrust needed for the cruise phase is approximately 22%. This aligns closely with what typically
is required for a Boeing 737-800 [123]. The landing phase of the trajectory exhibits significantly
higher thrust requirements due to factors such as reverse thrust, deployed landing gear, and flaps.
This methodology was examined for multiple flight trajectories to study the sturdiness and resilience
of the dynamic model. The results of additional flight paths, demonstrated on the same Cessna S550
Citation S/II flying from Cyril E. King Airport (STT) to Treasure Coast International Airport (FPR),

can be found in the appendix Fig. A-C.

For dynamic modeling, the power demand illustrated in this profile will be pivotal. However,
recognizing the potential variability in real-world scenarios, we will also investigate more challenging
mission profiles with additional complications such as adverse weather and high turbulence. The
profile will be adapted accordingly to reflect these variables. Moreover, the system’s ability to
deliver the necessary power even in the event of a propulsion unit failure is important for safety
during critical flight stages such as take-off or climb. Guided by the FAA’s airworthiness standard
(§23.21220) [124], a minimum power requirement is derived to ensure a climb gradient of 2% under

a One Engine Inoperative (OEI) scenario at Second Segment Climb (SSC).
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4.2.3. Steady-State Modeling

As mentioned previously, the unit cell is discretized into five control volumes: two bipolar plates,
two flow channels, and a PEN assembly. Table 4.5 shows the properties of the unit cell. The key
assumptions of this stack/cell model include treating gases as ideal due to operating conditions,
unidirectional electrical current flow, instantaneous electrochemical reactions, and uniform gas
distribution across the flow channels. Each gas node functions as a continuously stirred tank
reactor, and a lumped temperature approach is adopted for the cell’s solid structure. The model
assumes adiabatic boundaries at cell inlets and outlets, high electrical conductivity with equipotential
surfaces for electrodes and interconnects, a constant Nusselt number, and laminar flow regimes
in both cathode and anode streams. Lastly, it disregards external heat losses. These assumptions
are reasonable for a model focusing on internal dynamics, though they might limit real-world
applicability under varying conditions [125].

Table 4.5 Thermal and physical properties of SOFC components

Properties Value
Electrolyte conductivity 6.19 W/m-K
Membrane thickness Se-6 m
Cathode thickness 295e-6 m
Anode thickness 50e-6 m
SOFC diameter 0.02025 m
SOFC length 0.040 m

Number of cells per kW 27

The system begins with an assumption of an ambient pressure of 1 atm, but is pressurized to 3 atm.
During flight, this assumption becomes less accurate as the cabin is typically pressurized to only
0.7-0.8 atm at cruise altitude, potentially decreasing efficiency if the pressure were assumed to start
at 0.7 atm—a factor not considered in our simulations. The stack is designed to operate with an
inlet temperature of 998 K, and a turbine inlet temperature to be kept above 1155 K. The topping
cycle benefits from operating on hydrogen, where the reaction in the PEN is exothermic, without

any endothermic reforming that reduces temperature. This, however, raises additional concerns
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regarding thermal management and degradation of the cell and control complexities. The average

temperature of the PEN is 1190 K, with a PEN temperature gradient found to be 73 K.

4.2.4. Dynamic Modeling

Fig. 4.7 presents the transient simulation results for both the compressor and turbine operating points
throughout the flight path. For the turbine, the operational data points are suitably located within
a high-efficiency region, maintaining a safe distance from the surge/stall region, which signifies
good performance without approaching the area where surge/stall events might occur. Likewise, the
compressor’s operational points throughout the flight path are strategically positioned in a zone of
high efficiency, well clear of the surge lines, thus preventing the risk of operational instability or
reverse flow phenomena. The compressor and turbine maps were resized and scaled from turbines

and compressors adapted from the STRIDES library.
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Fig. 4.7 Operation points throughout our simulation of A) turbine, B) compressor

Fig. 4.8 depicts the operational efficiency of the compressor and turbine throughout the flight
simulation. As anticipated, the compressor exhibits relatively consistent efficiency characteristics,
as reflected in the simulation results in response to varying power demands. In contrast, turbine
efficiency demonstrates a slightly greater degree of sensitivity, exhibiting a gradual and minor

decline before stabilizing at a small level of decrease. System efficiency is shown as “Controller Eff”
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in Fig. 8 and achieves an efficiency of 71.4%.
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Fig. 4.8 Efficiency curves & power demand

Upon successful completion of the static modeling and the generation of test profiles, the control
strategy for the SOFC/GT system was iteratively refined to achieve faster response to the varying
power demands of different mission profiles. It was observed that each profile elicited a distinct
reaction from the control strategies and parameters implemented. This included the profile detailed
in the implementation analysis section. Broadly, the system demonstrated proficiency in managing
the majority of dynamic response scenarios, barring extreme conditions of rapid power escalation
(ramp-up) and reduction (ramp-down). The FC did most of the heavy lifting of power output (both
magnitude and dynamic response) whilst the GT contributed about 95 kW of electric power (via
generator) in the beginning of the flight and gradually decreased over time due to the increasing

requirement of airflow from the compressor to the SOFC.

For the profile depicted in Fig. 4.9, the SOFC/GT system exhibited a robust and rapid response
to the power demands. Total power demand shows a peak at the beginning, indicating the high
power requirements of takeoff, which then stabilizes and gradually declines over the period of cruise.
Power output from the FC demonstrates a sharp increase initially and then stabilizes at a lower value

compared to the peak of total power demand, suggesting that the fuel cell can respond to the initial
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demand but power output does not match the total demand dynamics associated with the noticeably
short ramp-up and ramp-down times in the periods of take-off (first 0.5 hours) and landing (hours
4.25 to 4.50). Notably, the system maintained an output close to the cruising level even during
rapid power variations in the descent phase. Overall, the system displayed good rapid response
capabilities and an aptitude for adapting to the dynamic requirements of the flight. However, during

the last hour of flight, the system overpowers the demand by approximately 14
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Fig. 4.9 Power demand vs Power of components

From a technical standpoint, SOFC/GT systems are often praised for their efficiency and reduced
environmental footprint. However, their ability to rapidly respond to load variations, particularly at
higher operational magnitudes, remains an area of focus. While it might seem that smaller-scale
systems exhibit faster load response times, as suggested by Kandepu et al. [126], who demonstrated
a 40% load change within a 5-second window in a 278-kW system, this is not necessarily due to
their size. Contrary to this assumption, larger systems, such as the one studied by Brouwer [127],
which managed a 17.46% turndown in 43.200 seconds for a 1150 kW system, were not designed
with rapid response as the primary goal. The literature, including studies by Mueller et al. [44],
indicates that rapid response can be achieved regardless of system size, depending on the control
strategies and objectives implemented. Therefore, the variability in response times across different

SOFC/GT systems is more accurately attributed to differing control goals and implementations
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rather than inherent size limitations.

A second flight profile was assessed from East Hampton Airport (HTO) in Connecticut to Palm
Beach International Airport (PBI) in Florida (details available in the Appendix). This profile
experienced a very sudden increase to maximum throttle in the last minutes, likely due to wind,
weather, and/or turbulence during landing conditions. The implementation of the control strategy
appeared to react differently based on multiple factors. Most notably, if the system is unable to cope
with rapid fluctuations in demand throughout the profile, it sets the total power demand slightly
higher to remain on the positive side of the fluctuation. Again, if a battery is integrated to power 25%
of the aircraft, this kind of increase in energy could be stored in the battery. Furthermore, the battery
itself has relatively rapid response due to fast charge/discharge capabilities, which have been proven

in practice and in the literature to be capable of managing electric vehicles and aircraft [128—130].

The SOFC/GT system demonstrated remarkable efficiency, achieving an overall efficiency of 71.4%
over the entire flight path considered, a testament to its promising potential for aviation applications.
However, this efficiency declines during the latter stages of the flight, particularly under conditions
of high dynamic operation at part-load conditions. This observed decrease in efficiency can be
attributed to several factors, including reduced utilization (for safe operation during highly dynamic
operation) and variations in reactant concentrations under these dynamic operating conditions. In
terms of specific operational parameters, the dynamic model of the SOFC/GT system for aviation
applications encompassed 36,300 cells, indicating a substantial size for robust power generation,
with an average power output of 34 W/cell. Depicted in Fig. 4.10, the average cell voltage was
maintained at 0.86 volts, and the current density at 0.255 A/cm?, is on the lower end of the spectrum
(0.2 to 1.5 A/cm?) of operation most likely due to operating under low partial load conditions. The
average cell voltage was maintained between 0.85 and 0.93 volts, and the current density varied
from 0.22 to 0.46 A/cm?, which is on the lower end of the spectrum (0.2 to 1.5 A/cm?) of that which
SOFC technology is capable of. The highest current densities of around 0.46 A/cm? are achieved at

the beginning of the flight when higher power is required for take-off.
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Fig. 4.10 Power Demand (a) and Current density & voltage (b) vs time

During the turbulent descent phase of the aircraft, as observed in the mission profile analysis, the
synergy between the battery and the SOFC/GT system was proved to be required. The current
work does not simulate the battery contributions to the powertrain’s response to the load profile.
The results show that the SOFC/GT cannot respond to the most rapid power demand dynamics,
demonstrating that including a battery is essential to SOFC/GT systems intended for aircraft, since
they cannot efficiently and safely respond to the fastest demand dynamics. This integration would
be essential in maintaining continuous, stable power supply and reducing stress on the fuel cells,
thereby ensuring the aircraft’s safe and efficient operation during the critical take-off and landing

phases.

In scenarios where the SOFC/GT system undergoes a rapid 20% power ramp-up, the battery can
immediately supply up to 40% of the required power, ensuring a swift response. This capability
is crucial for maintaining the SOFC’s operating temperature within its optimal range, thereby
enhancing fuel efficiency and prolonging cell lifespan. The simulation considers a battery with a
capacity of approximately 87 kWh and a maximum power output of 322 kW, which is particularly

important during critical flight phases such as takeoff and landing. Fig. 4.11 illustrates the load
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profile of the simulated battery, highlighting its charge and discharge behavior in response to the
power surplus or deficit encountered throughout the mission, as determined by the difference between

the total power demand and the SOFC/GT supply.
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Fig. 4.11 Power deficit/surplus post SOFC/GT power supply over time

The choice of parameters for the model includes a nominal cell voltage of 3.7 V and a cell capacity
of 3.0 Ah, with 162 cells connected in series and 179 strings in parallel. This configuration yields a
total pack voltage of 600 V and a maximum current of 537 A, providing an overall power output of

approximately 322 kW.

The methodology for this battery model is adapted from several key sources, including Sabatier
et al. [131], Yao et al. [132], and Clarke and Alonso [130], providing a foundation for modeling
lithium-ion battery behavior under varying conditions. The open-circuit voltage (OCV) vs. state of
charge (SOC) relationship plots are based on data provided by Wang et al. [133] for a 3.7V nominal

voltage ICR 18650 battery, as shown in Figure 4.12, which closely matches the characteristics of
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the battery used in our model. Other sources [113, 134, 135] show very similar experimental and

simulation data for the OCV plots, reinforcing the validity of the approach.
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Fig. 4.12 Open-circuit voltage at 30°C and 40°C vs. state of charge for a 3.7V Li-ion cell

The simplified battery model integrates key factors, including degradation, self-discharge, the OCV-
SOC relationship, thermal behavior, and temperature dependence. Power load data is converted into
current to compute the state of charge (SOC), incorporating a temperature-dependent self-discharge

mechanism, represented by:

) (4.38)

_ a
kself—disoharge =ko-exp |-
R ° Top

where k is the base self-discharge rate constant, E, is the activation energy, R is the gas constant,

and Ty, is the operating temperature.

Battery degradation is modeled using three equations: calendar aging, cycle aging, and resistance
growth. The equations quantify capacity loss due to time (¢), cycle count (N), and operational

parameters like temperature (7') and Depth of Discharge (DoD) [135]:
Calendar aging:
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E
Qloss,cal = A - €xp (_R_;) i (4.39)

Cycle aging:

Qloss,cyc =B- Nb (1 - exp (=k - DoD)) (4.40)

Resistance growth:

Rgrowth =Ro-(1+C-(1- exp (=D - N))) (4.41)

The thermal model simplifies heat generation into Joule heating and entropy-related heating [130]:

2 AS - hoad

Gheat = Iload : Rpack — Teen - iF (4.42)

where Rp,ck 1s internal resistance, Teeyr 1s cell temperature, AS is entropy change, 7 is the number of
electrons, and F is the Faraday constant. Temperature change is modeled using the lumped thermal

mass approach and logarithmic mean temperature difference (LMTD).
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Fig. 4.13 Current, voltage, SOC, and heat generation of battery vs. time

Figure 4.13 shows the current, voltage, SOC, and heat generation of the battery over time. The
battery system dynamics exhibit a stable current profile ranging from -200 to 200 A, with controlled
charging and discharging throughout the flight. The voltage remains around 680 V, above nominal,
due to the battery maintaining a high SOC for most of the flight. The SOC reflects dynamic charging
and discharging patterns, with a reduction to 85% during landing to accommodate high dynamic
loads. Heat generation remains low for most of the flight but spikes up to approximately 0.4 kW at the
beginning and near the end of the discharge cycle, associated with increased internal resistance and

high current demands. These results demonstrate expected performance characteristics, consistent

with behavior observed in electric vehicle batteries.

4.3. Summary and Conclusion

Our study of retrofitting the Cessna S550 Citation S/II jet with a hydrogen Solid Oxide Fuel Cell/Gas

Turbine (SOFC/GT) engine underscores the potential and challenges of this innovative technology in
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aviation. The low-fidelity analysis of a typical flight profile demonstrated the dynamic capabilities
of the SOFC/GT system, achieving an efficiency of 71.4%. This high efficiency and responsive
dynamic characteristics observed may make the SOFC/GT technology a viable propulsion alternative.
The SOFC/GT exhibited desirable rapid dynamic response to varying power demands compared to
similarly sized systems found in the literature. However, the hydrogen-fueled SOFC/GT system still
lacks the response time needed to meet the highly dynamic power demands during take-off, descent,

and landing.

These results highlight the importance of integrating a battery energy storage system as part of the
powertrain, which was not considered in this work. The simulation models in Figures 4.11 and
4.13 demonstrate that a 322 kW battery, capable of supplying 25% of the maximum power output,
1s appropriately sized to handle rapid changes in the load profile that the SOFC/GT system alone

cannot meet. In the example flight, the battery’s output only peaked at 200 kW at certain points.

The mass analysis indicates that a retrofitted SOFC/GT/Battery aircraft would remain well within
the maximum take-off weight limits, underscoring the practicality of this approach. This feasibility
is largely due to the lighter fuel weight and lower payload from a reduced number of passengers and

seating.

Moreover, the study revealed critical areas for further development. The observed power fluctuations
during the final hour of flight and the decline in efficiency under dynamic conditions suggest the
need for further optimization of the system. Fine-tuning and adopting different control strategies,
such as PID control parameters, could improve results. Additionally, future comprehensive analyses
using advanced aircraft optimization tools are essential. These analyses should focus on the aircraft
performance with the new engines and address the challenges posed by using liquid hydrogen as a

fuel source.

In summary, while the initial results are promising, highlighting the SOFC/GT system’s efficiency

and dynamic operating capabilities, the need for a battery capable of approximately 25% of the
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power output is emphasized. Significant research and development efforts are required to address
these challenges and advance the system for practical aviation use. As the industry moves toward
more sustainable and efficient energy sources, advancements in SOFC technology and its integration

with energy storage solutions offer a promising avenue for the future of aviation.
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5. Sizing, Design, and Comparative Analysis of
Conventional and Hydrogen-Powered Blended

Wing Body Aircraft

Parts of this chapter, in parts or in whole, are co-authored by and published in: Oi Ching Vanessa Chung, Khaled
Alsamri, Jacqueline L. Huynh, and Jack Brouwer. "Design Methodology of Hydrogen Solid Oxide Fuel Cells Propulsion
System in Blended Wing Body Aircraft," AIAA 2024-3664. AIAA AVIATION FORUM AND ASCEND 2024, July 2024.

This chapter explores retrofitting aircraft with hydrogen technologies, such as Solid Oxide Fuel
Cells (SOFC), focusing on their integration into blended wing body (BWB) designs. Studies
show that hydrogen-powered BWB aircraft could reduce CO; emissions by up to 88% compared
to conventional aircraft [136] while maintaining competitive energy efficiency, with only a 3.8%
energy penalty compared to kerosene versions [38]. This study evaluates the performance of
hydrogen-powered BWB configurations against conventional and hydrogen tube-and-wing (T&W)
designs using modeling and simulation tools to analyze fuel consumption, emissions, and overall
efficiency. Section 5.1 details the design framework and integration methods; Section 5.2 presents

the performance analysis; Section 5.3 offers conclusions and directions for future research.

5.1. Aircraft sizing methodology

The integration of a Solid Oxide Fuel Cell/Gas Turbine propulsion system into a Blended-Wing-
Body (BWB) aircraft demands a rigorous and methodical approach. This entails developing
a comprehensive mission profile that accurately reflects typical operational conditions. This

study explores the aerodynamic, propulsion, and structural facets of the design using weight
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estimations from NASA’s Flight Optimization System Weights Estimation Method (FLOPS) and
SOFC propulsion system design to conceptualize and evaluate the performance of this innovative
initiative [137]. Subsequently, initial airframe and propulsion system dimensions are determined,
and OpenVSP (Open Vehicle Sketch Pad) is employed to create a mesh, which is then utilized to

configure visual representations in SolidWorks [138].

To facilitate a meaningful comparison, the widely adopted conventional Boeing 777-300ER and
737-800 aircraft are used as benchmarks. These models serve as references for evaluating the
benefits and challenges associated with the incorporation of the hydrogen SOFC/GT propulsion
system. By subjecting all aircraft to a consistent mission profile, which will be elaborated in the
results section, the comparative performance metrics are evaluated. Additionally, two capacities
of aircraft configurations accommodating 365 passengers and 162 passengers, respectively, are
assessed. Each capacity will include a conventional aircraft, hydrogen-powered BWB designs, and

hydrogen-powered T&W configurations.

Ensuring safety is paramount in this study, necessitating a thorough examination of the aircraft’s
center of gravity (CG). The stability and control analysis is crucial for evaluating the overall safety
and controllability of the aircraft, particularly when integrating a novel propulsion system. It is
essential to note that for a rigorous and fair comparison, an identical SOFC/GT propulsion system,

scaled according to the specific power requirements of each aircraft, is utilized.

5.1.1. Aircraft Sizing Framework

The framework for defining aircraft geometries and weight estimation is illustrated in Figure 5.1.
The initial weight assumptions and power requirements for each aircraft configuration are modeled
and analyzed using weight estimation methods from FLOPS, with outputs subsequently used for

post-processing evaluations.
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Initial Design Parameters

The design process begins with defining initial mission profile parameters, including range, payload,
and flight conditions. These parameters, along with wing geometry and payload specifications, serve
as the foundation for the design process. Decisions regarding the number and placement of engines,
whether on the wing or fuselage, are also made at this stage. For Blended Wing Body (BWB)
aircraft, cabin dimensions were determined using the methodology in [139]. This approach is based
on the fuselage layout and efficiency, taking into account the number of abreast seats, seat pitch,
and total passenger count to determine the number of bays required to accommodate the payload.
The method also specifies the necessary fixed passenger equipment (such as galleys, lavatories, and

closets), which establishes the cabin’s width and length.

Aerodynamic Analysis

Given the initial sizing parameters, aerodynamic forces such as lift and drag are calculated using
parameters like the mean aerodynamic chord, cruise velocity, and wing loading. The maximum
Lift-to-Drag (L/D) ratios for the BWB and conventional T&W configurations, which are 27 and 18,
respectively, are used to calculate fuel consumption using the Breguet-Range Equation [140]. These
coeflicients are essential for determining the aircraft’s aerodynamic efficiency and performance. The
results from the aerodynamic analysis, combined with liftoff acceleration derived from the takeoft
field length and liftoff velocity from the mission profile, determine the maximum thrust per engine
required for takeoft, which is crucial for propulsion system sizing. The rolling friction coefficient,
obtained from relevant literature [141], is also considered in these analyses. A detailed methodology

for thrust and power estimations will be discussed in the Propulsion System Sizing section 5.1.2.
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Weight Estimation Process

Accurate weight estimation is critical, as the initial maximum takeoff gross weight (MTOW)
significantly influences engine power requirements, which in turn affects the minimum thrust needed
and the size of the hydrogen tanks and associated SOFC/GT powertrain components, including the
solid oxide fuel cell stacks, gas turbine, cryo-cooler, battery, and high-temperature superconducting
(HTS) motor. The structural weight estimation involves evaluating components such as the wing,
fins, fuselage, landing gear, paint, and nacelles. Each component’s weight is calculated based on its
dimensions, material properties, and structural requirements. The systems and equipment weight
group includes surface control systems, instruments, hydraulic systems, electrical systems, avionics,
furnishings, and anti-icing systems. These weights are estimated considering factors such as MTOW,
wing area, cabin floor area, and cruise range. For propulsion system weight estimation, required
thrust is translated into power output, and the weight of the SOFC/GT powertrain components is
calculated. Gravimetric and volumetric densities of the respective components provide a preliminary
weight estimation for the entire propulsion system. The operating items weight includes fixed
equipment for the flight crew, miscellaneous passenger service weights, and cargo containers, which

are essential for operational efficiency and serviceability.

Iterative Design Process

The iterative design process involves increasing the initial MTOW estimation at each step until
convergence at the final MTOW is achieved, marking the completion of the vehicle design process.

Upon convergence, the process proceeds to the center of gravity (CG) analysis and CAD configuration.

Model Validation

To ensure model accuracy, validation tests were conducted by comparing the computed results

against existing data from online sources. The discrepancies between the calculated and reference
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maximum takeoff gross weights were found to be minimal, with deviations of 0.28% for the baseline

BWB-450, 6.8% for the B777-300ER, and 0.46% for the B737-800. Equations for each major

weight group and the derivation of the maximum takeoff gross weight are provided, with a detailed

breakdown in the Results section.
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5.1.2. Propulsion System Sizing

The methodology for determining thrust and power during various phases of flight involves a detailed
set of equations that take into account specific flight conditions such as altitude and range. The
method systematically dissects the various portions of the flight, namely taxi, takeoff, climb, cruise,
descent, and landing, following a predefined flight trajectory. Equations 5.5 and 5.6, coupled with
the aircraft remaining weight, parasitic drag, lift induced drag, and compressible drag, were used to

determine the thrust and climb/descent angle, denoted as 7y, at each phase.

The power required for each aircraft configuration is fundamentally tied to the computation of the
takeoff thrust. The maximum thrust, referred to as the takeoff thrust, is a function of the takeoff
acceleration, as shown in Equation 5.7. This equation also considers the aircraft takeoff gross weight,

the number of engines, lift and drag forces, and rolling friction taken from the literature [141].

Thrust = Doy for cruise (5.5
Thrust = (Weight) sin(y) + Dy + ma  for all others (5.6)
V2
takeoff
= — 5.7
Atakeoff > TOFL (5.7)

where akeoff, Viakeoff » and TOFL represent takeoff acceleration, takeoff velocity, and takeoft field

length in Eq. 5.7.

The power generated during takeoff is then computed as a function of the thrust force and takeoff
velocity, as described in Equation 5.8. This methodology ensures precise calculations of thrust and
power tailored to different flight phases. The equations incorporate various dynamic factors such as
lift, acceleration, rolling friction, and engine thrust to provide a complete analysis of the aircraft’s

performance throughout its operation.
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Powereoft = Thrustikeofr X Viakeoft (5.8)

SOFC/GT System Design

The SOFC/GT hybrid system predefined in chapter 3 in Figure 4.2 operates by using hydrogen from
the cryogenic pressurized storage tank. Following the power system schematic depicted in Figure
4.2, its design must be refined to ensure compactness, efficient thermal distribution, and safety
compliance. Historically, such systems have been configured in dense, engine-like structures, while
others have adopted designs that allocate more space to individual components, resulting in larger
overall volumes. Our design, conceptualized in Figure5.2 aims to optimize volume, mass, thermal
efficiency, and electrical efficiency. This integration process includes a comprehensive analysis of

the aircraft’s CG, ensuring that it remains within safe operational limits and predefined envelopes.

Solid Oxide

Fuel Cell Stack < )
Y £
e %\) Battery
Fuel
Heater
Recuperator Fuel
L_/ Pump
Generator

Turbine

Compressor —>

Fig. 5.2 CAD model of the SOFC/GT hybrid power system, showing the arrangement and
integration of major components.

The powertrain model design is adapted and modeled from previous work [142], which demonstrated

its capability in responding to power profiles with the aid of a battery in MW-scale systems. The
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SOFC/GT technology has been extensively verified in both literature and commercial stationary
power applications , and while not currently commercially available with fast dynamic response
capabilities, extensively evaluated for its ability to respond to dynamic changes while offering
durability and a long operational lifetime [142—-144]. This paper focuses on the design and integration
of the SOFC/GT system within aircraft. The SOFC/GT system presents several challenges that need
to be addressed. These include the placement of hydrogen tanks, insulation, leakage prevention, and
thermal management of high temperatures. Specific design choices in this aircraft aim to mitigate
these issues, ensuring the efficient and safe operation of the powertrain system. Only by addressing
these and all other technical considerations, including some not addressed herein, like susceptibility
to impact loading, can the SOFC/GT system be effectively integrated into aviation applications,

paving the way for more sustainable power solutions in the industry.

SOF C/GT Weight Analysis

For the conventional kerosene-powered B777-300ER and B737-800, the turbofan engine weight
estimations from FLOPS were utilized. The lack of commercial components for complex hybrid
powertrain systems, particularly in aviation applications where component weight is critical, contrasts
with stationary power applications where SOFC/GT systems have been primarily utilized. The
assumptions for weight analysis of these advanced concepts present in the literature make it
challenging to settle upon specific values.. Hence, this paper focuses on developing a methodology
to examine the synergy of the BWB concept with hydrogen and fuel cell technology, highlighting
potential benefits and challenges rather than performing a detailed mass analysis, which would
require modeling and designing each component—a significant objective for future work. Currently,
there is also limited to no comprehensive mass analysis for SOFC/GT systems, especially for aviation
applications at mega watt (MW) scales. Table 5.1 lists the main assumptions for gravimetric energy
density. The fuel cell, the heaviest component of the powertrain, references experimental work

by NASA Glenn Research Center, achieving a 2.5 kW/kg density, at least twice the commercially
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available power density but still lower than current turbofans with a range of 3.33 to 10 kW/kg
[40, 63]. "Rather than heavy metal interconnects, Glenn’s innovative bi-electrode supported cell
(BSC) uses a thin layer of electrically conductive LaCaCrO3; (LCC) for current collection. To
improve strength during thermal cycling and to simplify stack manufacture, its design is structurally
symmetrical with a thin yttria-stabilized zirconia (YSZ) electrolyte supported on either side by a
porous support structure” [145, 146]. Moreover, Collins and McLarty estimates net system power
density of SOFC/GT for aviation to be 0.92 kW/kg. Until recently, SOFC development has not
focused on weight reduction, resulting in PEMFC and HT-PEMFC achieving better experimental
claims and commercial applications such as the fuel cell system of the Toyota Mirai, which claims a

4 kW/kg commercially.

Furthermore, the SOFC/GT system is sized to provide 75% of the take-off power requirement
(maximum power), while the battery provides 25%. In addition to the assumptions in Table 5.1, the
remaining components in Table 5.8 are scaled based on the scaling factors from [40, 63, 64]. The

net system power density of the SOFC/GT is estimated to be 1.5 kW/kg.

Table 5.1 Component Densities of SOFC/GT Powertrain

Parameters Values

SOFC Volumetric Density (kW/kg) 2.5[62]
SOFC Gravimetric Density (kW/L) 7.5 [62]
Battery Volumetric Density (kWh/L)  0.67 [63]
Battery Gravimetric Density (kWh/kg)  0.35 [63]
GT Volumetric Density (kg/m>) 8000 [64]
GT Gravimetric Density (kW/kg) 4.4 [64]

SOFC/GT Cycle Efficiency (%) 71.4[142]
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HTS Motor and Nacelle Design for Hydrogen Powertrain

The HTS motor design for the hydrogen powertrain uses assumptions from the N3-X motors
[41, 147]. Key parameters include a motor density of 29.14 kW/kg and a volumetric density of
100 kW/m?, optimizing the balance between power output, weight, and volume [40]. The nacelle

dimensions are scaled from N3-X specifications, with the average diameter assumed as:

50.6 x (Power)
5.74

Dnac = (5.9)

where Dnac is the average scaled diameter of the nacelle and Power is the power output of the motor

converted to unit of MW.

The nacelle weight is:

Wnac = 0.25 X Tyac X Dnac X XNAC X F%liﬁst (510)

where Wnac is the weight of the nacelle, Tyac is a constant related to nacelle weight (unitless),
Dnac i1s the average scaled diameter of the nacelle, Xnac is the average scaled length of the nacelle,

and Fryrust 18 the thrust force.

Air Duct Design for Optimal Performance in Cruise and Taxi Phases

Selecting the correct air duct dimensions is crucial for balancing operational requirements during
cruise and taxi phases. Choosing an air velocity of 30 m/s for duct design accounts for high-speed
airflow during cruise and low-speed requirements during taxi operations. A small blower ensures
adequate airflow during ground operations. For an assumed fuel cell power output of P = 45 MW

and an efficiency of 7 = 0.714, the hydrogen fuel consumption rate is modeled. The required airflow
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rate, based on a stoichiometric air-to-fuel ratio of 34.3, is determined. Given standard air density
and an air velocity of 30 m/s, the duct cross-sectional area is found. Two rectangular ducts are
proposed for the largest BWB configuration designed in this paper, each with a height of 30 cm
and a width of 81.7 cm. These ducts are positioned on the sides of the aircraft, similar to some
conventional designs, to minimize drag. During ground operations, a small blower provides the
necessary airflow, ensuring the SOFC system remains operational to avoid very long start-up times
and durability concerns. Appropriate insulation can keep a shut-down SOFC warm enough over an

entire 24-hour period for a very quick startup [148].

Thermal Management and Insulation for Cryogenic Hydrogen Storage Tanks

The use of liquid hydrogen as a cryogenic fuel source introduces additional considerations. Advanced
temperature-controlled fuel tanks are required to handle the cryogenic conditions. The choice of
materials for these tanks, as well as for the propulsion components and wing structure, plays a
significant role in determining the overall weight and stability of the aircraft. Material selection
impacts not only the structural integrity and durability but also the thermal insulation properties
essential for maintaining the hydrogen in a liquid state. Furthermore, following the simplified
methodology from [149] for liquid hydrogen tank modeling for aircraft purposes, Figure 5.3 portrays
design choices. The analysis evaluates the thermal performance of Vacuum Insulation Panels (VIP)
and Multi-Layer Insulation (MLI) for a cylindrical hydrogen storage tank by calculating the heat
transfer through conduction, radiation, and convection. The tank dimensions and environmental
conditions are specified, and the thermal properties of the insulation materials are considered. The
analysis computes the heat transfer rates and the boil-off rates of hydrogen over a range of insulation

thicknesses. Additionally, it analyzes the heat gain over time for a selected insulation thickness.

The methodology involves several key steps. First, the surface area of the tank (Ank) is computed

to include the cylindrical and hemispherical parts. The thermal resistances (R) for VIP and MLI are

123



determined using their respective thermal conductivities and insulation thicknesses (¢) (Equation

5.11). The heat transfer due to conduction (Q¢onduction) 1S then calculated using Equation 5.12.

Radiation heat transfer (Qradiation) 1S considered using the Stefan-Boltzmann law (Equation 5.13).

Forced convection heat transfer (Qconvection) 18 €valuated using the Nusselt number (Nu) which is

derived from the Reynolds (Re) and Prandtl (Pr) numbers (Equations 5.15-5.17). Finally, the total

heat transfer (Qora1) and the corresponding hydrogen boil-off rates are computed (Equation 5.19).

Thermal properties of the materials are considered constant and do not vary with temperature. The

ambient temperature is assumed to be constant at 288 K. Forced convection is calculated using

standard empirical correlations that are suitable for external flow over a cylinder. Additionally, the

analysis is performed under steady-state conditions.

Tsurface - Tair
R

Qconduction =

4 4
Oradiation =@ - 0 - A - (Tsurface - Tair)

Qconvection =h-A- (Tsurface - Tair)

v L
Re:p Y
u
Cp- M
P—p
T
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Nu = 0.644 - Re%? . pr9-33 (5.17)

Nu -k
h= 5.18
- (5.18)
Boil-off Rate = Quonl (5.19)
Latent Heat of Hydrogen
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Fig. 5.3 Thermal performance of VIP and MLI insulation: total heat transfer, boil-off rate
vs. insulation thickness, and heat gain over time for (0.1 m thickness.

Figure 5.3 illustrates the methodology for designing tank insulation for an example cryogenic liquid
hydrogen tank of 2916 kg, 9 m length, and 1.1 m diameter used in hydrogen BWB-365. The top
graph shows that increasing insulation thickness from 0.02 m to 0.1 m reduces total heat transfer
from approximately 2250 W to 1750 W, with MLI performing better than VIP. The middle graph
indicates that boil-off rates decrease from about 5 g/s to 3.8 g/s with increased insulation thickness,

with MLI showing lower rates than VIP. The bottom graph demonstrates that over 11 hours, MLI
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results in cumulative heat loss of around 70 MJ, compared to slightly higher values for VIP. These
results, supported by the thermodynamic model described above, underscore the importance of
effective insulation in minimizing heat ingress and boil-off rates in cryogenic tanks and help with

making informed tank design choices.

5.1.3. Simulation of Cryogenic Hydrogen Tank Operation

Hydrogen can be stored in liquid form by cooling it to cryogenic temperatures. Its liquefaction
temperature is —252.78°C (20.37 K) at atmospheric pressure. Liquid hydrogen tanks need to be
well-insulated to minimize vaporization losses, as external heat causes liquid hydrogen to turn into
gas. Despite high-quality insulation, some vaporization will still occur due to heat inflow. When
liquid hydrogen vaporizes, its specific volume increases significantly, expanding about 53 times
from 0.0141 m3/kg to 0.7507 m>/kg at atmospheric pressure [150]. At all times, hydrogen will
coexist as both liquid and gas phase within the tank. The vaporized gas from heat inflow raises the
temperature and pressure inside the tank. Fuel consumption from the tank towards the fuel cell
system acts as the pressure relief mechanism or otherwise boil off to atmosphere [150]. The process
of hydrogen boil-off, fuel consumption, and changes in temperature and pressure within a tank is

modeled using the methodology described by [150, 151].

The heat transfer coefficients for the liquid and gas regions of the storage tank are given along
with the respective surface areas. The latent heat of vaporization and specific heat of GH, are also
defined. For each time step, the heat transfer rates to the liquid and gas regions are calculated. The
boil-oftf mass flow rate is computed based on the heat transfer rate to the liquid region. The mass
changes for LH, and GH; are then updated using the mass flow rate of the fuel to the propulsion
system and the boil-off rate. The internal energy change in the gas region is computed to update the

temperature, and the pressure is updated using the ideal gas law.

The heat transfer rates gpeatliq and Gheat,gas are calculated using:
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Gheatlig = hwall,liquiq(Tamb - Tliq)

Gheat,gas = hwall, gasA gas (Tamb - Tgas)

The boil-off mass flow rate e is computed as:

Gheat,liq
L

Hlpoil =

The mass changes for LHy Amjiq and GHy Amg, are updated For each time step i, using:

Amiiq = —Hipoil At — Hifyel LH, Al

Amgys = Hpoil AT — Hifuel GH, AT

The internal energy change AUg, in the gas region is given by:

AUgas = (Qheat,gas - At + hoil At — qfuel,gas ° At) - (P : (mboil + mfuel,GHz) : At)

(5.20)

(5.21)

(5.22)

(5.23)

(5.24)

(5.25)

The temperature Ty,s and pressure P in the tank are updated iteratively, with pressure calculated

using the ideal gas law:

_ nGHzRTgas
Y
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where ngn, 1s the moles of GH», R is the gas constant, and V is the tank volume. The simulation
results, including the mass of LH, and GH,, temperature, and pressure over time, are plotted to

analyze the system behavior. An example case study results are presented in Figure 5.11.

This analysis of dynamic tank operation behavior has significant implications for flight operations
and safety. The steady and controlled fuel consumption rates prevent rapid depressurization and
temperature drops, ensuring that the hydrogen fuel system operates within safe thermal limits. The
gradual temperature decrease and predictable pressure decline facilitate more efficient thermal
management and reduce the risk of thermal stress on the tank materials, thus enhancing the overall
reliability and longevity of the hydrogen storage system. Understanding these thermal and pressure
dynamics is crucial for designing effective insulation and cooling systems that can handle the thermal

loads during prolonged flight segments.

5.1.4. Center of Gravity and Airframe Configuration

The previously mentioned propulsion system sizing and weight models will generate an initial
airframe geometry, alongside determining the volume of the SOFC/GT powertrain and dimensions
required for hydrogen fuel tanks. Subsequently, the design process advances to ensure feasible
integration of all aircraft components within the airframe to meet the CG requirements. This phase
utilizes SolidWorks for physical placement, visualization, and CG analysis of the entire system.
Should a component fail to fit within the airframe, it is imperative to revisit the initial aircraft sizing

model to implement necessary modifications.

It is imperative to shield the hydrogen fuel tanks adequately while ensuring sufficient volume to
support the defined mission, especially considering the tapering of the wing from root chord to tip.
Equally critical is the aircraft’s ability to satisfy CG requirements for all for loading scenarios, as
shown in Equation 5.27: 1) fully loaded with payload and fuel tanks, 2) fully loaded with payload and

empty tanks, 3) empty payload with full tanks, and 4) empty payload and tanks. Compliance with
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these scenarios is essential as the aircraft routinely encounters each scenario, with non-compliance

risking significant performance instability.

CG = Z(xcomponent : Weightcomponent)
B >, weight

(5.27)

scenario
where Xcomponent denotes the location of each components with respect to the origin defined,
weightcomponent 18 the weight of a specific component, and weightgcenario 18 the total weight of each

scenario.

5.1.5. Environmental Impact Assessment

To assess the environmental impacts of aviation, this section focuses on evaluating the gaseous
emissions produced by aircraft propulsion systems. Key metrics used in this analysis include
emissions indices for CO, (Carbon Dioxide), H,O (Water Vapor), CO (Carbon Monoxide), HC
(Hydrocarbons), and NO, (Nitrogen Oxides), quantified in kilograms per passenger nautical mile
(kg/pax-nmi). Global Warming Potential (GWP) 100 values are applied to calculate equivalent
CO; emissions, which account for the climate impact of non-CO; gases. Emissions for each flight
segment are analyzed, with emission indices determined based on stoichiometric equations and
ICAO (International Civil Aviation Organization) databank values. Additionally, the potential
formation of contrails is examined, comparing predictions for hydrogen-powered aircraft versus
conventional kerosene-powered aircraft using a predictive model based upon water partial pressures.
This comprehensive assessment aims to provide a detailed understanding of the environmental

footprint of conventional aircraft and alternative-fueled during various flight segments.

To calculate the Emission Indices (EI) for CO, and H;O for different flight segments of the
B777-300ER with GE90-115 engines and the B737-800 with CFM56-7B18 engines, we utilized

ICAO databank [152] values for HC, CO, and NOx emissions. The stoichiometric equation used to
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balance these emissions is given by:

C]2,5H24,4 + 6102 + bN2 —d XCO2 + yCO + ZHZO +wHC (528)

For each flight segment, the mass of carbon in kerosene was distributed among CO, HC, and CO,.
The total mass of carbon in kerosene was calculated using the molar masses, and the carbon in CO
and HC was determined based on their respective Els. The remaining carbon was attributed to
CO,, and its mass was calculated accordingly. Similarly, the mass of hydrogen in kerosene was

distributed among HC and H,O, with the remaining hydrogen attributed to H,O.

The mass of CO, was determined using the formula:

(5.29)

Mco,
Mc

massco, = massc, co, X (

where massc, co, 1s the remaining carbon mass attributed to CO,, and Mco, and Mc are the molar
masses of CO; and carbon, respectively. The EI for CO, was then obtained by dividing the mass of

CO, by the mass of kerosene.

The mass of H,O was determined using the formula:

massy,o = Massy, H,0 X ( (5.30)

where massy, y,0 18 the remaining hydrogen mass attributed to H>O, and My,0 and My are the

molar masses of H,O and hydrogen, respectively.

For fuel cell aircraft, it is established that the only byproduct is water vapor when fueled by pure

hydrogen. However, the SOFC/GT system includes a combustor/oxidizer that raises the fuel cell exit
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flow temperature to about 1200K. It is fair to assume some thermal NOx will form at this temperature,
as established in the literature [153]. Hasanzadeh et al. demonstrated a similar SOFC/GT system
operating with comparable combustion temperatures, showing an NOx emission rate of 1.2 kg
NOx/MWh. The study shows peak system temperatures of 1233°C (1496K) at the combustor exit.
In comparison, a methane-powered SOFC/GT system has been documented to emit 0.04 kg/MWh
(5 ppmv) of NOx, with an exhaust flow rate and temperature of 34 kg/s and 360°C, respectively
[154]. Furthermore, results from Sinha et al. indicate 0.3 g NOx/kg of methane for combustion at
1200K, while He et al. report 5 g NOx/kg fuel for combustion at 1200K [155], [156]. Moreover,
Fuel Cell Energy’s SOFC 250 kW system mentions values of 0.005 kg NOx/MWh for the SOFC
stack [157]. Based on the reviewed data and to maintain consistency, our emissions model assumes
0.04 kg NOx/MWh as the most reasonable estimate based on after burner temperatures and exit flow
temperatures. This translates to 0.94 g NOx/kg of hydrogen based on hydrogen’s energy content and
SOFC/GT system efficiency 71.4%. This is significantly smaller than what is observed from data

from the conventional aircraft at 14 g/kg kerosene.

Figure 5.4 illustrates a phase diagram of water vapor pressure versus temperature, comparing the
saturation pressures of liquid water and ice with the mixing lines for conventional aircraft and
hydrogen fuel cell aircraft. The saturation vapor pressures were calculated using the Goff-Gratch
Equations [158] (Equations 5.31 and 5.32). The Schmidt-Appleman criterion was then applied to
derive the mixing lines for both types of aircraft, taking into account parameters such as ambient

pressure, emission indices, specific heat capacity, lower heating values, and efficiencies.

6763.22

Psaturation, water = eXp 54.842763 - - 4.210 IOg(T) + 0.000367T

1331.22
+ tanh(0.0415(T - 218.8)) [ 53.878 -

—9.4452310g(T) + 0.014025T) )

(5.31)
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5723.265
Pgaturation, ice = €Xp [9.550426 — —T +3.53068 log(T) — 0.00728332T (5.32)

_ P-Eluo-C,
~ emo- LHV - (1-17)

(5.33)
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Fig. 5.4 Example Schmidt-Appleman criterion for assessing contrail formation for hydrogen
FC and Jet-A at 40,000 ft.

The Schmidt-Appleman criterion provides a framework for determining the atmospheric conditions
conducive to contrail formation. According to this criterion, contrails form when the exhaust
plume of an aircraft, which is initially hot and moist, mixes with the colder and drier ambient air.
The mixing process must result in a supersaturated state with respect to water vapor, allowing
for the condensation and subsequent freezing of water droplets, leading to contrail formation.
When comparing contrail formation from hydrogen fuel cells and Jet-A fuel, several complex and

interrelated factors come into play like temperature, pressure, and humidity. Theoretical models, as
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illustrated in Figure 5.4 above, demonstrate that the mixing slopes for hydrogen and Jet-A fuels
differ significantly, indicating that contrails would form under distinct sets of atmospheric conditions.
Hydrogen fuel cells, characterized by hydrogen’s lower molecular weight, higher diffusivity, and
higher efficiency, produce a steeper G-mixing line in the exhaust plume compared to hydrocarbon
fuels. The values of G for conventional Jet-A fuel (Gjer.a = 1.4853) and hydrogen (Gy, = 7.8655)
highlight this difference. Hence, hydrogen-fueled aircraft tend to form contrails at higher ambient
temperatures compared to conventional Jet-A fueled aircraft. This is primarily due to the higher water
vapor emission index of hydrogen combustion and the increased propulsion efficiency associated

with hydrogen fuel cells [83].

The climate impact of contrails depends upon their persistence, which leads to the formation of
contrail cirrus clouds. This persistence occurs when the ambient air’s partial pressure of water
vapor reaches or exceeds the ice saturation curve. The mixing trajectories depicted in Flgure 5.4
show that hydrogen and Jet-A fuels achieve ice saturation at different temperatures after initially
reaching water saturation. This differential behavior underscores the unique conditions required
for contrail formation with each type of fuel. Hydrogen’s propensity to form contrails at higher
temperatures is particularly notable, given its higher water vapor emission and efficiency metrics. In
summary, while both hydrogen and Jet-A fuels can produce contrails, the specific conditions under
which they do so vary due to differences in their emission characteristics and mixing dynamics with
ambient air. Understanding these distinctions is crucial for assessing the potential climate impacts

of transitioning to hydrogen fuel in aviation.

A summary of emissions indices determined for the different flight segments is presented in Table 5.2
and Table 5.3. These tables provide detailed emissions indices of each flight segment for conventional
aircraft. The data includes key metrics and is essential for understanding the environmental impact
across different stages of flight. Note that environmental effects of water emissions cannot be fully
explained by emissions indices alone. Contrail prediction models are needed for a more accurate

assessment of their impact.
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Table 5.2 Emission indices for different flight segments for conventional B777-300ER

Segment HC EI (g/kg) CO EI (g/kg) NOx EI (g/rkg) CO; EI (g/kg) H»O EI (g/kg)
T/O (take off) 0.032 0.125 51.068 3147.5 1257.7
C/O (climb) 0.024 0.137 36.44 3147.5 1257.8
Approach 0.048 2.16 16.166 31443 1257.6
Idle 3.636 34.578 5.511 3088.9 1236.5
Cruise 0.012 0.07 40 3147.6 1257.8
Descent 0.018 0.5 20 3146.9 1257.8

Table 5.3 Emission indices for different flight segments for conventional B737-800

Flight Segment HC EI (g/kg) CO EI (g/kg) NOx EI (grkg) CO; El (g/kg)  H»O EI (g/kg)

T/O (take off) 0.1 0.6 20.5 3146.7 1257.3
C/O (climb) 0.1 0.5 17.4 3146.8 1257.3
Approach 0.1 3.2 9.5 3142.6 1257.3
Idle 3.1 25.9 4.3 3103.2 1239.6
Cruise 0.05 0.3 15 3147.2 1257.6
Descent 0.2 1.5 7 3145.1 1256.7
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5.2. Results & Discussion

5.2.1. Mission Definition

In this paper, two distinct sample flight trajectories obtained from FlightAware [159] are utilized: one
representing a journey from San Francisco International Airport (SFO) to Hong Kong International
Airport (HKG) aboard a Boeing 777-300ER, and the other from SFO to Boston Logan International
Airport (BOS), as depicted in Figures 5.5 and 5.6, respectively [159]. The objective is to assess the
efficacy of the design and to evaluate and compare the correlation between the SOFC/GT powertrain

and payload capacity across all studied aircraft configurations.

The flight profile from SFO to HKG was applied to the hydrogen-powered BWB-365 design as
well as to both the hydrogen-powered T&W-365 and the kerosene-powered B777-300ER reference
aircraft. For clarity, hydrogen T&W-365 refers to a retrofitted B777-300ER, essentially integrating
the SOFC/GT powertrain and hydrogen storage systems to produce power within the existing aircraft
geometry. This naming convention is similarly applied to the hydrogen T&W-162. The flight
trajectory from SFO to BOS was applied to our hydrogen-powered BWB-162, hydrogen-powered
T&W-162, and the reference aircraft B737-800. These flight profiles serve as practical scenarios
for evaluating the performance and efficiency of the proposed aircraft designs under real-world

conditions.
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Fig. 5.5 Flight trajectory of example aircraft B737-800 from San Francisco International
Airport (SFO) to Boston International Airport (BOS).

Fig. 5.6 Flight trajectory of example aircraft B777-300ER from San Francisco International
Airport (SFO) to Hong Kong International Airport (HKG).

The relative flight conditions and assumptions for these missions are detailed in Table 5.4. This
includes considerations such as altitude, speed, payload, and fuel type, ensuring a comprehensive
and rigorous comparison of the different aircraft configurations. By using actual flight data, we
aim to provide a realistic assessment of the potential benefits and challenges associated with the

integration of the SOFC/GT propulsion system in commercial aviation.

136



Table 5.4 Mission definition assumptions per aircraft

Hydrogen Kerosene Hydrogen Hydrogen Kerosene Hydrogen

BWB-365 B777-300ER T&W-365 BWB-162 B737-800 T&W-162

PAX 365 365 365 162 162 162
Cargo [kg] 15422 15422 15422 2268 2268 2268
Cruise Ma 0.84 0.84 0.84 0.78 0.78 0.78
Cruise Range [nmi] 6574 6574 6574 2415 2415 2415

5.2.2. Aircraft Layout Comparison

The cabin and wing geometry were sized based on the passenger capacity required for specific
flight profiles. This study divides the aircraft into two classes: one configuration accommodates
365 passengers, and the other accommodates 162 passengers. These numbers were derived from

existing sources representing typical passenger capacities for reference aircraft [160].

365 passenger layouts

Figure 5.7 provides a visual representation of the designed hydrogen-powered BWB-365. The
span of the designed aircraft is 62.2 meters, with a root chord of 37.5 meters. The overall shape
and wing geometries, including aspect ratio (AR) and sweep angle, of the aircraft is based on the
baseline BWB-450 [139], with the wing geometries scaled according to the payload requirements.
Multiple wing designs were evaluated, and it was found that the design featuring a flat upper wing
and centerbody was the most advantageous for arranging the cabin layout (3-class configuration)
and hydrogen tanks. This specific design also offers significant potential for scalability, allowing the

geometry to be adjusted according to different needs.
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Fig. 5.7 Hydrogen BWB-365.

Three differently sized cylindrical hydrogen tanks are positioned on each side of the wings for
optimal pressure distribution. Tank sizing considers geometric constraints, thermal management,
and material properties. Safety assessments for potential accidents or leaks evaluate flammability
limits, density, diffusivity, ignition energy, and fuel-oxidant mixing to determine relative risk.

The SOFC/GT powertrain is placed 22.9 meters from the aircraft tip, balancing the CG, approximately
half the root chord length. Cargo containers are positioned 32.5 meters from the tip, while engines
are mounted on the center aft body at 35.6 meters. The BWB-365 has ten engines, scaled from the
N3-X model [41], providing a total of 59.9 MW.

Component placement meets the four critical CG cases: fully loaded payload and tanks, fully loaded
payload with empty tanks, empty payload with full tanks, and empty payload with empty tanks. CG
calculation results are provided in Table 5.5. Stability was evaluated by analyzing the wing CG
positions from 15% to 35% of the mean aerodynamic chord to ensure the overall CG location was

acceptable.
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Table 5.5

Center of gravity for four different scenarios of hydrogen BWB-365

Case 1: Full Cargo + PAX, Full Tank

Case 2: Full Cargo + PAX, Empty Tank

Components Weight [kg] Location [m] Moment [kg-m] Weight [kg] Location [m] Moment [kg-m]
Nacelle + Pylon 3973.8 35.6 141306.9 3973.8 35.6 141306.9
Fuselage 57079.6 22.9 1304839.0 57079.6 22.9 1304839.0
Wing 27310.9 24.4 666518.8 27310.9 24.4 666518.8
Powertrain 38081.2 229 870536.0 38081.2 22.9 870536.0
Main Landing Gear 3558.5 254 90385.5 3558.5 254 90385.5
Nose Landing Gear 392.6 7.8 3050.5 392.6 7.8 3050.5
Fuel + Tank 21535.0 28.8 620257.3 0.0 28.8 0.0
Fixed Equipment 45490.5 244 1110187.3 45490.5 24.4 1110187.3
Passenger 44701.5 229 1021876.1 44701.5 22.9 1021876.1
Cargo 18279.8 325 594311.5 18279.8 325 594311.5
Sum: 260403.3 238868.3
CG [Y% of MAC]: 25.3 24.9

Case 3: Empty Cargo + PAX, Full Tank Case 4: Empty Cargo + PAX, Empty Tank
Components Weight [kg] Location [m] Moment [kg-m] Weight [kg] Location [m] Moment [kg-m]
Nacelle + Pylon 3973.8 35.6 141306.9 3973.8 35.6 141306.9
Fuselage 57079.6 229 1304839.0 57079.6 22.9 1304839.0
Wing 27310.9 24.4 666518.8 27310.9 24.4 666518.8
Powertrain 38081.2 229 870536.0 38081.2 22.9 870536.0
Main Landing Gear 3558.5 254 90385.5 3558.5 254 90385.5
Nose Landing Gear 392.6 7.8 3050.5 392.6 7.8 3050.5
Fuel + Tank 21535.0 28.8 620257.3 0.0 28.8 0.0
Fixed Equipment 45490.5 244 1110187.3 45490.5 24.4 1110187.3
Passenger 0.0 22.9 0.0 0.0 22.9 0.0
Cargo 0.0 32.5 0.0 0.0 325 0.0
Sum: 197422.1 175887.1
CG [Y% of MAC]: 24.9 24.4
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To integrate a hydrogen fuel tank in a conventional tube-and-wing aircraft without reducing cabin
space, two options are typically considered: sacrificing cabin space or extending the fuselage. In
this case study, to preserve the payload capacity of the hydrogen-powered tube-and-wing aircraft,
the fuselage was extended by 6.67 meters to accommodate the hydrogen fuel tank behind the cabin
while maintaining the original wing geometry (aspect ratio and sweep angle) of the B777-300ER.//
Figure 5.8 shows the modified layout, with the hydrogen fuel tank positioned behind the cabin
and the SOFC/GT powertrain components strategically placed in front of the wing at 25.4 meters
from the aircraft tip to maintain the center of gravity (CG) within an operable range.// Ten engines,
scaled from existing models, are mounted on the wings, delivering a total power output of 53.1 MW.
Cargo containers and the fuel tank are positioned aft of the wing, at 54.7 meters and 72.2 meters
from the aircraft tip, respectively, preserving the original cabin layout and passenger capacity of
the B777-300ER.// By extending the fuselage and optimizing the placement of the hydrogen fuel
tank and powertrain components, the design maintains operational efficiency and capabilities while
integrating a hydrogen propulsion system. This approach explores hydrogen-powered aviation’s

potential without compromising payload capacity or passenger comfort.
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Fig. 5.8 Hydrogen T&W-365 side profile.

162 passenger layouts

This paper also conducts a comparative analysis of the performance of the designed aircraft for

shorter flight durations and fewer passengers. The hydrogen BWB-162 and B737-800 were evaluated
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for a cruise range of 2415 nautical miles and a passenger capacity of 162. The aircraft’s span, based
on its passenger capacity, is 34.5 meters, with a root chord of 16.5 meters. The hydrogen fuel tanks
shown in Figure 5.9 represent the necessary fuel volume for the flight mission while maintaining a
fixed cargo weight. However, Figure 5.9 does not show the maximum dimensions of the fuel tanks.
This wing geometry allows for larger tanks, providing flexibility to increase cruise range or payload
capacity.

The figure also shows cargo containers positioned between the cabin and hydrogen fuel tanks. For
extended or heavier missions requiring larger tanks, the cargo containers can be relocated to the
bottom of the cabin to keep the center of gravity within acceptable limits. The proposed hydrogen
BWB-162 incorporates a pivot gear design by JetZero for commercial BWB aircraft [161]. This
design reduces the airframe size by placing cargo containers on each side of the cabin. JetZero’s
innovative landing gear design also features a fully passive motion system that enhances braking
effectiveness by 30%. As with the hydrogen BWB-365, the placement of the SOFC/GT powertrain

was carefully chosen to satisfy CG requirements for all four scenarios.
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Fig. 5.9 Hydrogen BWB-162.
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The hydrogen-powered B737-800 follows a similar design approach to the hydrogen-powered B777-
300ER. To maintain the payload capacity, the fuselage was extended by 2 meters to accommodate
the hydrogen tanks without sacrificing passenger or cargo space. The aircraft includes four wing-
mounted engines with a total power output of 10.2 MW. The cabin layout, including passenger
service equipment such as galleys, lavatories, and closets, remains identical to the conventional
B737-800 to ensure passenger comfort and operational efficiency. By extending the fuselage and
integrating the hydrogen fuel tanks and powertrain components, the design balances the hydrogen
propulsion system with the existing structural and operational requirements of the B737-800. This
approach explores the viability of hydrogen-powered aviation while preserving the aircraft’s key

characteristics and performance.
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Fig. 5.10 Hydrogen T&W-162 side profile.

5.2.3. Simulation of Cryogenic Hydrogen Tank operation for an Example Mission

In the simulation results presented in Figure 5.11, the hydrogen boil-off, fuel consumption,
temperature and pressure change process in a tank over the flight duration of 11 hours is modeled.
Initial conditions include the liquid hydrogen (LH,) mass and gaseous hydrogen (GH;) mass

calculated based on a 2916 kg total hydrogen load and a 7.2% GH, fraction.
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Fig.5.11 Dynamic tank operation during the cruise phase for 2916 kg H, tank with changing
consumption rate with an average rate of 69.3 g/s for example flight trajectory from SFO to
HKG

The dynamic tank operation plots in Figure 5.11 illustrate the mass of hydrogen, gaseous temperature,
and tank pressure over time during an example flight of the hydrogen BWB. Due to the lengthy cruise
phase (9.5 hours) compared to other flight segments, the fuel consumption rate appears constant.
The average fuel flow rates to the propulsion system for each section are as follows: for the taxi
phase, the flow rate is 0.00693 kg/s; for the takeoff phase, it is 0.092589 kg/s; for the climb phase,
the rate is 0.08316 kg/s; during the cruise phase, the flow rate is 0.0693 kg/s; and for the descent
phase, the flow rate is 0.04851 kg/s. The plot shows the mass of hydrogen, with the total mass

displaying a consistent decline, reflecting nearly steady consumption on average.

The system experiences a heat flux of approximately 10 W/m?2. As hydrogen is discharged, the
available volume in the tank increases, causing the gaseous hydrogen pressure to expand into this
larger volume. This expansion leads to a pressure drop within the tank, which is accompanied by

a corresponding decrease in temperature, as described by the ideal gas law. The steady decline
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in tank pressure from about 0.65 MPa to 0.55 MPa, along with the gradual decrease in gaseous
temperature from approximately 30 K to 24 K, reflects the cooling dynamics associated with
hydrogen consumption and phase change [162]. Notably, the mass of gaseous hydrogen remains
relatively constant throughout the flight because it is primarily the liquid hydrogen that is vaporized
and consumed. This counter-intuitive result, considering the fact that heat gain and boil-off are
usually a concern for liquid hydrogen storage, can be observed from Figure 5.11, which illustrates the
steady-state behavior of gaseous hydrogen mass despite ongoing consumption and phase transition
processes with concurrent heat gain from the environment. Understanding the natural boil-oft and
consumption behavior, along with tank insulation modeling as illustrated in Figure 5.3, aids in
making design choices that balance natural boil-off with the boil-off that will be effectively utilized
by the aircraft. The tank is designed with a 4 g/s natural boil off based on results from Figure 5.3
with a 10 cm MLI insulation. For reference, the lowest fuel flow rate during taxi for the BWB-365
flight case study is 6.93 g/s meaning no fuel will be vented to environment. Given that the SOFC
will remain constantly operational, it is unnecessary to design tanks with additional insulation,

which would add unnecessary weight and volume.

5.2.4. Hydrogen vs. Conventional Aircraft Comparison

Figure 5.12 illustrates the comparison between the Operating Empty Weight (OEW), shown in
blue bars, and the combined payload and fuel weight, depicted in orange bars, for all six aircraft
configurations. It is important to note that the fuel type used in this comparison is consistent with
the naming convention of each column Figure 5.12. The payload for each aircraft is identical within

their respective classes, as detailed in Table 5.6.
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Table 5.6 Comparison of performance metrics between hydrogen and kerosene-powered

aircraft configurations under different operational scenarios

Kerosene

Hydrogen Hydrogen

Kerosene

Hydrogen

B777-300ER BWB-365 T&W-365 B737-800 BWB-162

# of Engines 2
Total Power [MW] 77.96
TOGW [kg] 334211
OEW [kg] 136559
Payload Weight [kg] 60124
Fuel Weight [kg] 137522
Weight per PAX [kg] 916
Payload + Fuel [kg] 197646

10

59.9

260403

182334

60124

17946

713

78069

10

53.1

233698

150346

60124

23229

640

83352

2

10.74

70307

36334

22108

11859

434

33968

3

11.91

78687

54555

22108

2024

486

24132

Hydrogen
T&W-162
4
10.2
68328
43382
22108
2838
422

24946

For the 365-passenger class, the hydrogen BWB-365 design exhibits a lower MTOW compared to

the conventional B777-300ER using Jet-A fuel. However, it remains 10% heavier than the retrofitted

hydrogen T&W-365. Conversely, the MTOW of the hydrogen BWB-162 surpasses both the retrofit

hydrogen T&W-162 and the conventional B737-800.

A notable trend across both classes is the progressive increase in OEW, ascending from conventional

baseline aircraft to hydrogen baseline aircraft, and finally to the hydrogen BWB configurations. To

scrutinize the causes of this OEW increase, Table 5.7 presents a detailed MTOW breakdown for the

hydrogen T&W-365 and hydrogen BWB-365.

Due to a higher aerodynamic coefficient and the enhanced performance efficiency, the fuel weight

for the BWB is expected to be lower than that of a conventional T&W configuration. Within the
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aircraft empty weight category, the propulsion weight groups and structural weight groups for the
hydrogen BWB-365 are more significant compared to those of the hydrogen T&W-365. The weight
of all components within the SOFC/GT powertrain was calculated based on the power required for
each aircraft. Specifically, the hydrogen BWB-365 requires 12.7% more power output compared to
the hydrogen T&W-365. Consequently, it is natural to observe a higher propulsion weight, because
the fuel cell system has much lower power density compared to a gas turbine so that a larger system

is needed to generate the necessary power.

In the structural weight group, the wing of the hydrogen BWB-365 is approximately 12,000 kg heavier.
This increase is primarily attributed to a larger wing area, increased control surfaces area, and an
additional aft body weight portion, which is a function of the cabin planform area—36% higher in
the BWB configuration. Despite the longer length of the T&W configuration, the centerbody weight
of the hydrogen BWB-365 is higher due to the overall increase in cabin planform area. This increase
in surface area for the BWB configuration aligns with findings in the literature [140]. Kimmel and

Bradley also observed a similar trend in OEW growth for the BWB design.
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Table 5.7 Detail weight breakdown of Hydrogen BWB-365

Parameters Hydrogen T&W-365 Hydrogen BWB-365
Average cruise L/D 15 23.4
Wing [kg] 14305.4 26087.2
Empennage [kg] 4180.2 -
Centerbody [kg] - 57079.6
Fuselage [kg] 35561.2 -
Structural
Landing Gear [kg] 3972.5 3951.1
Weight
Fins [kg] - 1223.7
Nacelle [kg] 1260.1 1316.4
Paint [kg] 3776.8 2081.7
Total [kg]: 63056.2 91739.8
SOFC [kg] 15940.2 17981.5
Battery [kg] 4953.6 5588.0
Gas Turbine [kg] 2768.5 3123.0
Aircraft Cryo-cooler [kg] 1619.0 1828.1
Propulsion
Empty HTS Motor [kg] 1821.6 2056.9
Weight
Weight Thrust Reverser [kg] 1221.3 1379.1
Operating Hydrogen Tanks [kg] 4645.8 3589.2
Zero Empty Other Components [kg] 7757.3 8781.9
Maximum
Fuel Weight Total [kg]: 40727.3 44327.7
Takeoff
Weight Surface Control Sys. [kg] 1675.3 2890.9
Gross
Instruments System [kg] 1517.0 2069.9
Weight
Hydraulic System [kg] 1921.9 3168.3
Systems &
Electrical System [kg] 4665.8 4102.2
Equip.
Avionics System [kg] 4790.6 5815.2
Weight
Furnishings [kg] 23136.3 19329.1
Anti-icing System [kg] 201.7 237.0
Total [kg]: 37908.7 37612.6
Wempty[kg] : 141692.2 173680.1
Fixed Equipment [kg] 1959.5 1959.5
Passengert Service [kg] 3836.6 3836.6
Operating Items Weight
Cargo Containers [kg] 2857.6 2857.6
Total [kg]: 8653.8 8653.8
Wop. items[£g] 8653.8 8653.8
OEW [kg]: 150346.0 182333.8
Payload [kg] 60123.6 60123.6
ZFW [kg]: 210469.6 242457.5
Fuel [kg]: 23228.8 17945.9
MTOW [kg]: 233698.4 260403.3
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Fig. 5.12 Operating empty weight and combined payload and fuel weight bar chart for all six
studied aircraft configurations

Table 5.8 provides a detailed mass breakdown of the components for a 45 MW SOFC/GT system
coupled with a 15MW, 3.75 MWh battery used in the BWB-365. Table 5.8 lists each component along
with its mass. The SOFC is the heaviest component at 17,970 kg, followed by the recuperator/heat
exchanger at 4,199 kg, and the gas turbine at 3,123 kg. Other components like the oxidizer/combustor,
recycling blower, and hydrogen delivery system also contribute to the total mass. The total mass
1s 29,860 kg, and with the battery included, the total mass reaches 35,448 kg. Table 5.8 provides
a more granular view of the SOFC/GT system components, while the overall propulsion system

breakdown is depicted in Table 5.7.
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Table 5.8 SOFC/GT components breakdown Mass and Percent of Total Mass for 4SMW
SOFC/GT and 3.75SMWh battery

Component Mass (kg) Yo of mass
SOFC 17970 60.18%
GT 3123 10.46%
Compressor 226 0.76%
Recuperator/HX 4199 14.06%
Oxidizer/combustor 2524 8.45%
Recycling Blower 337 1.13%
Air Blower 112 0.38%
Electric Generator 474 1.59%
Fuel Pump 163 0.55%
Fuel Heater 163 0.55%

Hydrogen Delivery System

(pump + tankflow conditioning + tubing) 569 1.90%
Total Power Train Mass 29860 100.00%
Battery (kWh) 5588

Total with Battery 35448

Figure 5.13 illustrates the relationship between OEW and seating capacity for various aircraft models,
including hydrogen-powered BWB designs. The hydrogen BWB-365 shows 33% and 21% higher
OEW compared to B777-300ER and hydrogen T&W-365. This increase in OEW is partly due to
the non-circular pressurized body of the BWB, which requires more structural material to maintain

integrity, larger area of the cabin, greater airfoil thickness to achieve higher lift, unique landing gear
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configuration, weight of hydrogen storage systems and the SOFC/GT powertrain. Additionally, the
BWRB is overall a larger aircraft, which inherently requires more material and structural support,

further increasing the OEW.

Previous alternative analyses of BWB have produced different conclusions with some claiming
lower and other higher TOGW than T&W aircraft. Adler and Martins determined that the hydrogen
combustion BWB is 13% lighter MTOW than the hydrogen T&W counterpart and with lower fuel
consumption, yet still the wing is 19% heavier [38]. Sgueglia et al. conducted a comparative analysis
of the A320 Neo and three BWB baselines. In all cases, the MTOW and the OWE of BWB were
greater than those of the reference aircraft, primarily due to the center-body structure. The more
complex design necessitates reinforcements to handle pressurization and the bending moment of the
outer wing, resulting in a heavier structure compared to a tubular fuselage. Despite fuel consumption
is 18% lower in the best case [163]. Another comparison done by Reist and Zingg arrives at the
conclusion that BWBs are more aerodynamically efficient than T&W’s but are heavier, reducing the
expected benefits in drag and fuel burn. Regional and narrow-body BWBs show minimal fuel-burn
reduction compared to T&W’s [164]. Hence, the literature is inconclusive regarding whether a BWB
aircraft is heavier than its T&W counterpart, but consistently concludes, together with the current

study, that BWB provides fuel savings due to the higher L/D and better acrodynamic efficiency.
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Fig.5.13 Operating empty weight for BWB’s and various hydrogen and conventional aircraft
models.

Figure 5.14 compares fuel consumption per passenger-kilometer against seating capacity. Hydrogen
aircraft models exhibit significantly lower fuel consumption per passenger-kilometer than conven-
tional aircraft, such as the A320 and B777-300ER. This highlights the efficiency advantage of
hydrogen power, leveraging its higher energy density to achieve lower fuel consumption metrics.
Furthermore, hydrogen BWB has even further fuel/px-km savings compared to T&W aircraft
despite the initial weight penalty and larger size of the BWB design with combined aerodynamic
and propulsion efficiency benefits. This is consistent with other BWB designs such as Liebeck
demonstrating that a BWB designed for around 800 passengers and a range of 7000 nautical miles
achieves a 27% reduction in fuel consumption per passenger-km compared to a conventional aircraft

using Jet-A fuel [140].
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Fig. 5.14 Fuel Consumption per Passenger-Kilometer of BWB’s and various hydrogen and
conventional aircraft models.

Key results reveal that scaling down from the hydrogen BWB-365 to the hydrogen BWB-162 resulted
in unexpectedly positive outcomes. The weight per passenger for the hydrogen BWB-162 was 486
kg, compared to 713 kg for the hydrogen BWB-365, representing a reduction of approximately
31.8%. Additionally, the fuel consumption per passenger-kilometer decreased significantly, with
the hydrogen BWB-162 achieving a 30% reduction compared to its larger counterpart. These
improvements underscore the potential for hydrogen propulsion systems to enhance operational

efficiency across different aircraft sizes.

One possible scientific explanation for these results is the square-cube law, which states that as a
shape grows in size, its volume increases faster than its surface area. This leads to disproportionate
increases in structural weight and aerodynamic drag for larger aircraft. In the case of the hydrogen
BWB-162, the reduced size may result in more efficient aerodynamics, lower structural weight, and
more favorable wing loading, thereby improving overall weight and fuel efficiency per passenger.
Additionally, the hydrogen BWB-365’s higher range necessitates larger and heavier tanks, which

could contribute to the less favorable weight and efficiency metrics observed in the larger aircraft.
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The reduced structural requirements and optimized design approaches possible with the smaller

hydrogen BWB-162 likely further enhance these efficiency gains.

5.2.5. Environmental Impact Assessment

Figure 5.15 presents a comparative analysis of the emissions composition by flight phase for
conventional (777-300ER, 737-800) and hydrogen-powered (BWB-450 & T&W-365 and BWB-162
& T&W-162) aircraft models, highlighting significant differences in environmental impact. The
pie charts show that for conventional models like the Boeing 777-300ER and Boeing 737-800, the
cruise phase is the predominant contributor to emissions, particularly CO,, H>,O, and NOy. For
instance, during the cruise phase, the Boeing 777-300ER emits 414,160 kg of CO, and 165,500 kg
of H,0O, with 5,263 kg of NOy. In contrast, during the taxi phase, the emissions are significantly
lower, with the Boeing 777-300ER emitting 282 kg of CO,, 112.9 kg of H,0O, and 0.503 kg of NOy.
Notably, CO emissions during taxiing are relatively high at 3.158 kg due to incomplete combustion

at lower engine power settings typical of ground operations.

The hydrogen-powered models (BWB-450 & T&W-365 and BWB-162 & T&W-162) demonstrate
significantly reduced emissions. However, hydrogen-fueled aircraft, with a higher water vapor
emission index and greater propulsion efficiency, produce a steeper G-mixing line (G = 7.8655)
compared to kerosene-fueled aircraft (Gyer.a = 1.4853), as shown in Figure 5.4. Consequently,
hydrogen-powered aircraft tend to form contrails at higher ambient temperatures. For the BWB-450,
H,O emissions are highest during the cruise phase at 154,534.90 kg, while NOy emissions during
the same phase are significantly lower at 16.35 kg. In the taxi phase, H,O emissions are 107.25
kg, and NOy emissions are nearly negligible at 0.01 kg. Similarly, the BWB-162 shows substantial
reductions in emissions, with H,O emissions during the cruise phase at 16,150.5 kg and NOy
emissions at 1.71 kg, compared to the taxi phase, which has 24.38 kg of H,O and no measurable
NOy emissions. More details for the breakdown of emissions are found in Tables B1, B2, B3 and B4.

These results underscore the significant potential hydrogen-powered aviation to reduce greenhouse
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gases and other pollutants, thereby offering a more sustainable alternative to traditional jet fuel.
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Fig. 5.15 Emission composition for the flight phase for conventional (777-300ER, 737-800)
and hydrogen-powered (BWB-365 & T&W-365, BWB-162 & T&W-162) aircraft models.

Figure 5.16 presents a comparison of total emissions (CO,, H,O, NOy, CO, HC) for various aircraft

models, including both conventional (777-300ER, 737-800) and hydrogen-powered configurations
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(BWB-365, BWB-162, T&W-365, T&W-162). This comparative analysis highlights that hydrogen-
powered aircraft generally emit significantly lower CO, and NOy compared to kerosene-powered
models. Specifically, the hydrogen BWB-162 model exhibits the lowest total emissions, particularly
noteworthy for its minimal NOy emissions. To illustrate further, the total emissions for the kerosene-
powered 777-300ER show a significant amount of CO, (432780 kg) and NOy (5431.6 kg). In contrast,
the hydrogen BWB-365 exhibits significantly lower emissions, with total H,O emissions at 161485
kg and NOy emissions at 17.08 kg. These results underscore the potential of hydrogen-powered
aircraft to reduce aviation’s environmental footprint. However, the increased H,O emissions from
hydrogen-fueled aircraft, as seen in the significant HyO emissions in the hydrogen BWB-365 and
the hydrogen BWB-162 model, require further exploration due to their potential short-term radiative

forcing effects. More details of these emissions impacts can be found in the Appendix.
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Fig. 5.16 Comparison of total emissions (CO;, H,O, NOx, CO, HC) for various aircraft
models, including conventional (777-300ER, 737-800) and hydrogen-powered configurations
(BWB-365, BWB-162, T& W-365, T& W-162).

To assess the climate impacts amongst the configurations considered here, we assessed the Global

Warming Potential (GWP) in terms of kg CO, equivalent emissions per passenger-km as presented in
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Figure 5.17. This assessment considers GWP values over a 100-year horizon derived from relevant
literature. The GWP factors used in our analysis include CO; at a factor of 1, HC at 21, CO at 1.7,
NOx at 40, and H,O at 0.059 [98, 100, 101]. This comparative assessment reveals the significant
differences in emissions between hydrogen and kerosene-fueled aircraft. Notably, hydrogen-powered
aircraft configurations exhibit substantially lower CO, equivalent emissions, particularly in the
hydrogen BWB-162 model, with a value of approximately 1.84 x 10~ kg/passenger-km. In contrast,
kerosene-powered models like the Kerosene 737-800 and Kerosene 777-300ER show much higher
emissions, with the latter reaching 1.71 x 10~! kg/passenger-km. It is important to note that 100-year
CO, equivalent is not the only useful metric for assessing for the the climate impacts of emissions

like water, especially since radiative forcing from water emissions is usually limited to hours.
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Fig. 5.17 CO; Equivalent Emissions per PAX-km by Aircraft, with 100-year GWP for CO,,
H,0, NOx, CO, HC.

5.3. Conclusion

Six distinct aircraft configurations are designed and comparatively analyzed within their respective

classes. A notable trend of increasing OEW was observed for both the hydrogen-powered BWB-365
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and BWB-162, primarily due to the increased wing surface area and cabin planform area. Despite a
higher OEW, the hydrogen BWB-365 and BWB-162 exhibited superior fuel efficiency, with a 22.7%
and 28.7% lower fuel weight compared to hydrogen T&W-365 and hydrogen T&W-162, respectively.
This is mainly attributed to their higher aerodynamic coefficients and the greater energy density of
hydrogen fuel. Moreover, hydrogen-powered BWB-365 achieved a 61% reduction in MJ of fuel
consumption per passenger-kilometer and a 22% reduction in total takeoff weight per passenger
compared to the conventional Boeing 777-300ER. Similarly, the hydrogen BWB-162 showed a 52%

decrease and 11% increase compared to the conventional Boeing 737-800, respectively.

Integrating a SOFC/GT powertrain into aircraft necessitates careful consideration of the additional
space required for hydrogen fuel tanks. Storing fuel within the wings, as is common in conventional
tube-and-wing (T&W) designs, is deemed impractical due to the narrow spaces provided. To
maintain the same payload and passengers capacity as T&W aircraft without sacrificing cargo space,
extending the fuselage is necessary. However, this extension raises concerns regarding the stress and

loading experienced by the aircraft during flight.

The centerbody design of the BWB offers significant potential for scaling the aircraft to accommodate
varying payloads. The flat and wide centerbody allows for lateral expansion of the cabin. As
demonstrated by Liebeck and the current results, which show that this design can accommodate
from 162 to 800 passengers. Nonetheless, challenges exist in ensuring the overall structural integrity

of the BWB design and effectively integrating a hydrogen-powered SOFC/GT propulsion system.

Regarding the environmental impacts of hydrogen-powered aircraft, a significant advantage is that
the only byproduct of using pure hydrogen as a fuel source is water vapor. Although there are some
thermal NOx emissions due to the oxidizer and fuel cell exit flow temperature, the overall impact is
considerably lower compared to Jet-A powered aircraft. Notably, NOx emissions for the hydrogen
BWB-365 are 99.6% lower than those for a kerosene-powered B777-300ER, and 98.9% lower for

the hydrogen BWB-162 compared to a conventional B737-800. Moreover, despite hydrogen fuel
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aircraft have higher emissions index per kg of fuel, the BWB-365 results in 6% lower H,O emissions

than the B777-300ER and the BWB-162 18% higher than the B737-800.

In conclusion, hydrogen BWB designs show promising advantages in fuel efficiency, significant
synergy with hydrogen tanks and promising scalability. Results indicate a positive trend when
scaling down from a 365-passenger to a 162-passenger layout, with weight per passenger reduced
by approximately 31.8%. Further research is required to address the structural complexities
and integration challenges associated with these innovative propulsion systems integrations and
configurations. One disadvantage of the SOFC/GT powertrain is the longer start-up time required by
the solid oxide fuel cell stack compared to conventional turbojet engines, which may be overcome
by significant thermal mass and reasonable amounts of insulation, which was not assessed in the
current work. Despite the slow start-up time, fuel cell stacks typically have a lower failure rate in
terms of electricity production and offer a long operational lifetime. Electrifying the aircraft also
allows for distributed propulsion which which provides aerodynamic and environmental advantages.
Nevertheless, leveraging the characteristics of BWB designs, hydrogen fuel, and fuel cell technology,
while addressing the associated challenges, will enable the aviation industry to progress towards

more sustainable and efficient aircraft designs.

158



6. Comparative Evaluation of Retrofit Options for
Hydrogen Adoption Across Different Aircraft

Categories

To understand how hydrogen propulsion can be effectively integrated into aircraft, it is crucial to
examine its application across different aircraft categories, each presenting unique challenges and
opportunities. Regional turboprop aircraft, for instance, typically require less power than larger
turbofan-powered aircraft and operate at lower altitudes over shorter distances. These characteristics
make them particularly suitable for hydrogen retrofitting, especially using technologies like PEMFC
and battery-electric, which have not been explored in previous chapter retrofits due to technical
limitations with the constant range approach. This chapter focuses on evaluating the potential for
hydrogen adoption in regional turboprops and the conclusive comparison of all aircraft analyzed in
previous chapters, considering their distinct operational profiles and the specific retrofit strategies
that may enable sustainable aviation across various segments. Conclusive results, such as kilograms
of hydrogen per passenger per kilometer, are highlighted, offering insights into the efficiency and
viability of hydrogen propulsion across different aircraft categories. From this, it is observed that
generally, larger aircraft make retrofitting easier and allow for more flexibility, but not necessarily in

terms of mass change or fuel consumption in comparison to conventional aircraft.

6.1. Simplified Retrofit Analysis of ATR42-600 (Regional Airliner)

The ATR 42-600 serves as a compelling case study for analyzing the potential of hydrogen retrofitting
in regional aircraft, specifically turboprops. These aircraft generally consume less energy, require less

power, and operate at lower altitudes compared to their larger counterparts, making them theoretically
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more suitable for hydrogen retrofit applications. This section utilizes the same methodology and
assumptions outlined in Chapter 3 to evaluate the feasibility of a hydrogen retrofit for the ATR

42-600.

Table 6.1 summarizes the key parameters of the ATR 42-600, including a mechanical power
of 2160 shp, maximum cruise speed of 611 km/h, and a range of 703 nautical miles. These
parameters establish the baseline characteristics of the aircraft for comparison with hydrogen retrofit

configurations [1].

Table 6.1 Conventional ATR 42 Parameters

Parameter Value
Mechanical power (shp) 2160
TSFC (g/kNs) 25
Max cruise speed (km/h) 611
Limit Mach 0.45
Max range (nmi) 703
Max operating altitude (ft) 25,000
Cabin length (m) 14.72
Cabin height (m) 1.90
Cabin width (m) 2.56

Cargo compartment volume (m?®) 4.4

Table 6.2 shows the fuel consumption for the ATR 42-600 in its conventional configuration. The
initial weight is 18,561 kg, with a fuel weight of 5,670 kg for typical maximum range operations.

This provides a reference for evaluating the reduction in fuel weight with a hydrogen retrofit.

Table 6.2 Conventional ATR 42 Fuel Consumption

Cruise Jet Fuel

Winiiat 18,561 kg
W,  12,891kg

que] 5 N 670 kg
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A Proton Exchange Membrane Fuel Cell (PEMFC) system is considered for the hydrogen retrofit
due to its efficiency and power density. The parameters for this system, shown in Table 6.3, include
a power density of 2.1 kW/kg and a cycle efficiency of 60% at ground level, which are suitable for

retrofitting within the ATR 42-600.

Table 6.3 PEMFC System Parameters at Ground Level

Parameter Value Unit/Description

PEMEFC Power Density (kW/kg) 2.1 BSC PEMFC SOA

PEMFC Volumetric Density (kW/L) 3.1 kW/L

PEMEFC Exit Temperature 70 °C

Motor Power Density 7.064 kW/kg

Battery Volumetric Density 0.67  kWh/L

Battery Gravimetric Density 0.265 kWh/kg

GT-PEMEC Cycle Efficiency 60%  Ground-level efficiency

The parameters for an alternative battery-electric configuration are provided in Table 6.4. This
configuration assumes a total mass of 18,638.73 kg, with a battery capacity of 1.127 MWh and a
power rating of 3.22 MW. The assumptions made here are conservative, aligning the lithium-ion
battery specifications with those used in previous SOFC/GT/Battery and PEMFC/Battery systems.
These assumptions reflect a cautious approach, considering current lithium-ion battery technology
rather than more futuristic advancements. Despite recent improvements, lithium-ion batteries
have reached a performance plateau, primarily constrained by the limits of current materials and
chemistries. This plateau suggests that further significant gains in energy density or power output will
likely require breakthroughs in new battery technologies or materials, such as solid-state batteries
or lithium-sulfur chemistries [129, 130]. Consequently, these conservative assumptions ensure a

realistic evaluation of the battery-electric retrofit potential for the ATR 42-600, acknowledging the
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current state of battery technology and its limitations.

Table 6.4 Parameters for Battery Retrofit of ATR 42-600

Parameter Value Unit
Total Mass 18,600 kg
Battery Power Rating 3.22 MW
Battery Capacity 1.127 MWh
Motor Power Density 7.064 kW/kg
Battery Volume Density 0.67 kWh/L
Battery Gravimetric Density 0.25 kWh/kg
Battery Power Density 1 kW/kg
Motor Energy Density 7 kWh/kg
Battery Power-to-Energy Ratio 2 -

Max Power 3,222 kW
Battery Energy Design 1,092.23 kWh
PMAD Density 20 kW/kg

Cable Weight (Nickel-Plated Aluminum) 0.00324  kg/Amp/m
Range (Cruise) 150 nmi

Number of Passengers 30 -

The PEMFC-powered aircraft experiences a significant reduction in seating capacity due to the
absence of a compressor, which reduces efficiency by 0.5% to 1% per 1,000 feet, leading to an
overall power loss of 18% at 13,000 feet [22]. This lower efficiency necessitates an increased

hydrogen volume, further decreasing seating capacity. Despite more commercial progress, PEMFC
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technology has a lower volumetric density than SOFCs at the stack level, and recent advancements
suggest a plateau in PEMFC development while SOFC technology continues to evolve, driven
mainly by higher operating temperatures [165]. For example, a PEMFC-retrofitted ATR 42-600 is
6.2% lighter (17,453.44 kg vs. 18,600.05 kg original) but suffers a 46% seating reduction (26 seats
from 48). In contrast, the SOFC/GT variant, 4.5% lighter (17,769.62 kg vs. 18,600.05 kg), reduces
seating by 29% (34 seats from 48). Meanwhile, the hydrogen combustion variant achieves a 12%
weight reduction (16,372.53 kg vs. 18,600.05 kg) but decreases seating by 38% (30 seats) due to
hydrogen storage occupying 45% of the available volume. These trade-offs highlight the challenges
of integrating hydrogen power systems into current aircraft designs, balancing weight, storage, and

capacity impacts.

While a fully battery-electric retrofit of the ATR 42-600 is technically possible, as shown in Table
6.4, it results in a significantly reduced range and passenger capacity. Using the battery parameters
specified in Table 6.3 and assuming a 95% efficiency for the electrical system, the analysis included
key components such as the aircraft’s empty weight, passenger and baggage weight, mass of
batteries, motors, Power Management and Distribution (PMAD) system, cryocooler, and cables.
The results demonstrate that, although the aircraft can remain within the Maximum Takeoff Weight
(MTOW), it cannot maintain the same range as the conventional version. With a fully battery-electric
configuration, the aircraft achieves only 278 km (approximately 150 nautical miles) of range, which
is considerably lower than its kerosene-powered counterpart. Moreover, the passenger count is
reduced to 30, as it is not possible for the aircraft to stay below MTOW with the conventional
passenger count. This conclusion aligns with the prevailing literature on retrofitting the ATR 42-600,
where most studies emphasize hybrid-electric configurations rather than fully battery-electric options.
Hybrid-electric powertrains are considered more viable for regional aircraft due to the limited energy
density of current battery technologies. The limitations of battery-electric designs in commercial
applications have led almost all companies, outside of those focused on Unmanned Aerial Vehicles
(UAVs), to shift towards hybrid powertrains to balance energy storage, range, and payload capacity

[166]. The literature further suggests that hybrid configurations allow for a more feasible integration
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of battery systems by combining them with conventional or alternative power sources, effectively
overcoming the weight and range limitations that currently restrict fully battery-electric options
for larger regional aircraft like the ATR 42-600. Our analysis shows that a 1.1 MWh battery is
the maximum capacity that can be installed without exceeding the MTOW, compared to the 30.58
MWh needed to achieve the same range with the same number of passengers. This retrofit results in
approximately 30 minutes of cruise capability (or less) compared to the 3.12 hours of cruise time

required for the full-range flight estimates in the remaining retrofit scenarios.

The different configurations for hydrogen tanks in the ATR 42-600 aircraft, as shown in Figure 6.2,
significantly impact seating capacity and weight based on a 30-inch economy seating standard. The
SOFC/GT retrofit (b) supports 34 seats. This configuration uses a back tank with a length of 5.925
meters, a volume of 15.11 m3, and a total mass of 289.37 kg, aiming to balance the tank volume
while minimizing the reduction in passenger seating.

The PEMEFEC retrofit (c) features a larger back tank with a length of 7.29 meters, a volume of
19.01 m3, and a mass of 365.82 kg. This setup results in a weight ratio relative to fuel weight
(Wtank/Wfuel) of approximately 23.9%. Due to the increased tank size, the seating capacity is
reduced to 26 seats under the 30-inch economy seating standard.// The hydrogen combustion retrofit
(d) accommodates 30 seats and incorporates a combination of a front tank with a length of 7.58
meters and a volume of 19.84 m3, and two back tanks with lengths of 2 meters and 1.6 meters and
volumes of 1.32 m® and 0.40 m3 respectively. The total mass is 382.07 kg for the front tank, 24.88
kg for the first back tank, and 7.63 kg for the second back tank, with weight ratios (Wtank/Wfuel) of
around 24.0%, 0.23%, and 0.24% respectively. Compared to the standard configuration (a), which
provides 48 seats, these retrofits highlight the trade-offs in seating capacity and weight management

necessary when integrating hydrogen storage solutions into the aircraft design.
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Fig. 6.1 CG Envelope for ATR 42-500/600 Retrofitted with Hydrogen Tanks, Fuel Cell, and
Passengers. The plot shows the minimum and maximum CG limits, the original CG, and the
new CG positions after retrofit, including PEMFC and H2 Combustion CG points.

The analysis shown in Figure 6.1 evaluates the center of gravity (CG) shift for the ATR 42-600
aircraft retrofitted with hydrogen tanks, fuel cells, and additional passenger accommodations. Using
the mean aerodynamic chord (MAC) length of 2.65 meters [167] and a Leading Edge of the Mean
Aerodynamic Chord (LEMAC) located at 10.025 meters from the front of the plane (datum). The
new CG positions for all configurations are found to be within the acceptable limits defined by the
CG envelope for the aircraft, as cited in [168], The SOFC/GT, PEMFC, and H2 combustion CG
positions are within the acceptable range, indicating compliance with stability requirements, with
each configuration showing a slightly different mass distribution, as seen in Figure 6.2. Overall, the

results support the feasibility of these retrofits.

To calculate the CG position in terms of the percentage of the Mean Aerodynamic Chord (MAC),

the following equation is used:
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CG - LEMAC

P t of MAC =
ercent o ( MAC

)x 100 (6.1)

Where:

* CG is the center of gravity position measured from the front of the plane (datum).
* LEMAC is the Leading Edge of the Mean Aerodynamic Chord.
* MAC is the Mean Aerodynamic Chord.
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Attendant seat " Galley @ Toilet @ Baggage A Emergency Exits

Fig. 6.2 ATR 42-600 layouts: (a) Standard configuration (48 seats), (b) Hydrogen SOFC/GT
retrofit (34 seats), (c) Hydrogen PEMFC retrofit (26 seats), (d) Hydrogen combustion retrofit
(30 seats), (e) external schematic. [1, 2]
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Fig. 6.3 Mass distribution comparisons for different ATR 42-600 configurations: (1) SOFC
Hybrid Aircraft, dominated by empty weight, passenger load, and added fuel cell, battery, and
turbine mass; (2) PEMFC Hybrid Aircraft, with larger fuel cell, battery mass, and increased
LH2 storage; (3) Battery Electric Aircraft, dominated by empty weight and battery mass; (4)
Hydrogen Combustion Aircraft, primarily characterized by empty weight, passenger load,
and contributions from LH2 and tank mass.

Figure 6.3 illustrates the mass distribution for different ATR 42-600 hydrogen-powered configurations.
The SOFC hybrid aircraft shows a significant contribution from passenger and baggage weight
(17.8%), with notable percentages attributed to the fuel cell (5.4%), battery (4.3%), and LH2 storage
masses (6.4%). The PEMFC hybrid aircraft also reflects a substantial passenger and baggage
weight (14%), along with contributions from the fuel cell (7%), battery (5.0%), and LH2 storage
masses (7.9%). The Battery Electric Aircraft’s mass is primarily influenced by the battery (23.3%),
demonstrating the substantial weight of electrical energy storage, followed by the empty weight

(56.9%) and passenger and baggage weight (15.0%). In contrast, the Hydrogen Combustion Aircraft
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is characterized by a higher empty weight (70.5%), a significant passenger load (17.1%), and LH2
mass (9.8%), with a relatively smaller impact from the tank mass (2.5%). These differences highlight

the distinct weight distributions required by each powertrain type.

6.1.1. Comparisons with Conventional Aircraft

Table 6.5 Combined Aircraft Configurations with Fuel Weights

Aircraft Max Power (MW) MTOW (kg) Range (km) Passengers Fuel Weight (kg)
Cessna Citation XLS+ (Kerosene) 2.3 9,223.35 3,889.2 9 1077
Cessna Citation XLS+ (H2-Combustion) 2.3 8,685.22 3,889.2 6 401.7
Cessna Citation XLS+ (H2-SOFC) 2.3 9,187.86 3,889.2 6 271
Cessna Citation S550 II (Kerosene) 1.3 6,849 2,872 8 2267
Cessna Citation S550 II (Hydrogen SOFC) 1.3 6,195 2,872 4 570
ATR42-600 (Kerosene) 3.22 18,600.05 1,302 48 4500
ATR42-600 (H2 Combustion) 3.22 16,372.53 1,302 30 1612
ATR42-600 (H2-SOFC) 3.22 17,769.62 1,302 34 1132
ATR42-600 (PEMFC) 3.22 17,453.44 1,302 26 1423
ATR42-600 (Battery Electric) 3.22 (1.1 MWh) 18,600.05 278 30 -
B737-800 (Kerosene) 10.74 70,307 4,474 162 11859
BWB-162 (H2-SOFC) 11.91 78,687 4,474 162 2024
T&W-162 (H2-SOFC) 10.2 68,328 4,474 162 2838
B777-300ER (Kerosene) 77.96 334,211 12,171 365 137522
BWB-365 (H2-SOFC) 59.9 260,403 12,171 365 17946
T&W-365 (H2-SOFC) 53.1 233,698 12,171 365 23229

Table 6.5 showcases the summary of all sized and retrofit results analyzed in the dissertation. As seen,
all cases are retrofitted using a constant range approach, with the exception of the battery-electric
ATR42-600 due to technical limitations. Moreover, the data highlights that the most significant
compromise across all hydrogen-powered configurations is the reduction in passenger capacity. For
smaller jets, such as the Cessna Citation series, the shift to hydrogen power—whether through
combustion or SOFC—results in a noticeable decrease in passenger count to accommodate the

additional mass and volume required for hydrogen storage and power systems. For the ATR42-600,
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while each hydrogen configuration maintains the original range, this comes at the expense of a
reduced number of passengers, particularly in the PEMFC and battery-electric variants. In contrast,
for larger aircraft like the B737-800 and B777-300ER, hydrogen-powered versions—both T&W and
BWB configurations—manage to sustain the same range and passenger capacity, demonstrating the

feasibility of hydrogen retrofitting in larger aircraft, albeit with significant design modifications.
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Fig. 6.4 Clustered chart comparing aircraft configurations. Bars represent MTOW, while
dots show kg/Px*km, Power/MTOW, and Energy per passenger*km. Highlights weight
efficiency, power-to-weight ratio, and energy use across kerosene and hydrogen-powered
aircraft.

Figure 6.4 compares various aircraft configurations, highlighting key metrics: Maximum Takeoff
Weight (MTOW), MTOW per passenger*km, and Power/MTOW. Hydrogen-powered configurations
demonstrate varied impacts on MTOW, such as the ATR42-600 (H2 Combustion) at 16,372.53 kg

compared to 18,600.05 kg for its kerosene counterpart, with trade-offs like an increased MTOW
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per passenger*km (e.g., 0.42 and 0.40 kg/passenger*km for the ATR42-600 H2-combustion and
H2-SOFC, respectively, in comparison to the conventional ATR at 0.30 kg/passenger*km). The
Power/MTOW ratio also varies significantly; smaller hydrogen aircraft, like the Cessna Citation
XLS+ (H2-SOFC) at 0.25 kW/kg, exhibit relatively high values compared to larger models such as
the T&W-365 (H2-SOFC) at 0.23 kW/kg. In contrast, the BWB-365 (H2-SOFC) shows a slightly
higher ratio of 0.23 kW/kg, while the BWB-162 (H2-SOFC) demonstrates the lowest value of 0.15
kW/kg, indicating different performance efficiencies and trade-offs across aircraft types and fuel

configurations.
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7. Techno-Economic Assessment of Hydrogen

Adoption in Airport Infrastructure

Parts of this chapter, in parts or in whole, are co-authored by:
Rezaei, Sajjad, Khaled Alsamri, Elio Simeoni, Jacqueline Huynh, and Jack Brouwer. "Techno-Economic Assessment of
Green Hydrogen Infrastructure Implementation: A Case Study for Los Angeles International Airport (LAX), USA."

246th ECS Meeting, ECS, 2024 (unpublished manuscript).

This chapter outlines a comprehensive methodology for evaluating various scenarios related to the
transformation of hydrogen-powered airports, using Los Angeles International Airport (LAX) as a
case study. In 2023, LAX accommodated approximately 75 million passengers [169]. Analysis of
emissions data, including particle number (PN), black carbon, and fine particulate matter (PM3 5),
indicates that LAX significantly contributes to local pollution levels, surpassing the emissions from
the nearby freeways [170]. Consequently, this study aims to facilitate LAX’s transition to sustainable
operations by conducting a techno-economic assessment of the implementation of both on-site and

off-site green hydrogen infrastructure.

7.1. Methodology for Transforming and Evaluating Airport Fuel Supply to
Green Hydrogen

7.1.1. Framework

Figure 7.1 illustrates the proposed hydrogen supply chain model for LAX. The framework encom-
passes three main components: Inputs, H2 Infrastructure Design and Cost Analysis, and Outputs.
The Inputs include the assessment of energy resources availability, future demand scenarios for LAX

in 2030 and 2050, and relevant financial and environmental data. The H2 Infrastructure Design
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and Cost Analysis phase involves mapping the availability and dynamics of clean energy resources,
appropriately sizing the storage and transmission and distribution assets, conducting a levelized cost
analysis (LCA), and evaluating emissions during hydrogen production, transmission, and storage
processes. The final Outputs section provides a green hydrogen ecosystem layout for LAX, including
the LCOH and its global warming potential (GWP). This structured approach aims to systematically

evaluate the integration of hydrogen as a sustainable energy source for airport operations, ensuring

economic viability and environmental sustainability.

H, Infrastructure Design and Cost Analysis m

Clean Energy Resources
Mapping Green H, Ecosystem
Layout

Energy Resources
Availability

LAX Demand Scenarios Levelized Cost Analysis
(2030, and 2050) (LCA) Levelized cost of H;

(LCOH)

Financial and _ .
Environmental Data C C ), Global Warming
Potential (GWP)

Fig. 7.1 Methodology framework proposed for the provision of green hydrogen at LAX

7.1.2. Economy and Environmental Analyses

Levelized cost analysis can be employed to assess and compare the economic feasibility of hydrogen
technologies. LCOH is the levelized cost of producing a unit of hydrogen ($/kg). Thus, the purpose
of this study is to calculate LCOH based on various supply chain pathways, which are developed
and described in section 2.8. LCOH can be determined by taking into account the plant’s lifespan

(N) and using the following equations[171, 172]:

Total Annual Cost _ (2 (CAPEX; x CRF; + OPEX;))
Annual Hydrogen Production mpy,

LCOH = (7.1)
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d-(1+a)V

CRF = T3 -1 (7.2)
Where:
Table 7.1 Definitions of Terms

Term Definition

] Index of the section (production, transmission, liquefaction, storage, etc.)
involved in the HSC.

CAPEX; Capital cost of technology (balance of plant, electrical infrastructure and
interconnection, installation and indirect costs, owner’s costs, and site
and land costs, etc.).

OPEX; Operation and maintenance cost of a particular technology (fixed costs
including administrative fees, administrative labor, insurance, operating
labor, taxes, etc.; project management; maintenance costs; variable cost
components; maintenance components; and replacement costs).

mpy, Annual hydrogen mass produced (kg).

CREF; Capital recovery factor of component i, which transforms the investment
cost into an annual payment.

d Discount rate.

N Number of periods (years) over which the project will operate.

By combining the annuity technique with operating and maintenance costs, a hydrogen project’s
capital costs are effectively transformed into yearly payments. This annuity technique is intended
to facilitate cost comparisons between technologies with varying lifespans [173]. The discount
rate significantly affects the LCOH [174], and can be obtained from the Weighted Average Cost
of Capital (WACC) reflecting the required return on the invested capital [173]. Discount rates can
vary based on the type of investment, location, and technologies involved in the renewable energy
sector [175]. The average discount rate applied to renewable energy projects ranges from 3% to 10%
[176-180]. For this work, a discount rate of 8% is assumed, considering the technological risks
associated with green hydrogen production projects for the aviation industry. Table 7.2 provides a

summary of all cost items considered in the LCOH calculations.
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In this study, hydrogen is assumed to be produced solely using renewable electricity from solar
and/or wind primary energy. Therefore, hydrogen is the only gas whose leakage from the supply
chain sections can have global warming implications. Hj is considered an indirect climate forcer,
contributing to global warming by reacting with OH radicals (leading to an increased methane
lifetime in the troposphere), producing more ozone (in the troposphere), and generating stratospheric
water vapor [181]. To quantify emitted hydrogen radiative forcing implications, GWP, a metric used

to compare the radiative forcing effects of various trace gases to those of CO, with the units of

kgC02

T— is commonly employed. The GWP of a gas is estimated by comparing its total absorbed
energy over a range of time horizons, such as 20, 50, 100, or 500 years, to the total energy that can
be absorbed by an equivalent mass of CO; as the index gas [182]. In this work, the most typically
applied 100-year time horizon is selected for converting hydrogen emissions to a common scale of
CO; equivalent. This approach provides a perspective on the long-term (100-year) global warming
impact of the hydrogen lifecycle for meeting LAX’s demand. To estimate the CO; equivalent forcing
caused by hydrogen leakage across the hydrogen supply chain, a GWP;oy of 11 as reported by
Warwick et al. [181] is adopted. This GWP (g value is reasonable within the literature-reported
range of 8 to 12.8 [183, 184]. Thus, by multiplying the hydrogen emissions from each component

kgco, the

(ranging from electrolysis to transport and end-use at LAX) by the GWP;qg of 11 PO
2 ,emitte
CO, equivalent for every stage in the hydrogen supply chain and the total CO, equivalent radiative

forcing for each of the proposed supply scenarios is determined.
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7.1.3. Renewable Energy Resources Availability

Providing renewable electricity for hydrogen production to meet LAX’s fleet consumption requires a
vast amount of solar and wind energy resources on a scale of 600-2500 MW. Due to area constraints
and airport policies, on-site solar and wind fields at LAX are not feasible. Therefore, capacity
maps can be used to identify regions with high renewable energy potential around LAX. California
ranks among the top states in the nation regarding solar resources, with the average year-round solar
energy incident on the surface estimated to be between 5 and 6.15 kWh/m?/day, equivalent to 208 to
256 W/m? [185]. The significant solar energy capacity is approximately situated in San Bernardino,

Riverside, San Diego, and Imperial counties, all within a roughly 500 km radius of LAX.

In terms of wind energy capacity, there is the possibility of having both onshore and offshore
facilities in the LAX vicinity. Considerable wind resources are available off the coast of California,
showing some significant “outstanding” and “excellent” wind resources (wind speed at 50 m between
7.5 and 8.8 m/s) near LAX, as well as onshore wind potential in regions northeast of the airport,
between Bakersfield and Barstow (Tehachapi Mountains), stretching to the Nevada border. These
areas are considered to have good-to-outstanding wind potential, capable of generating wind power

in the range of 400 to 800 W/m? for electrolysis to produce hydrogen for LAX.

7.1.4. Hydrogen Production

Hydrogen can be produced from a variety of pathways, involving fossil fuels (for instance, steam
methane reforming (SMR) of natural gas), biomass, and water electrolysis. The environmental
consequences and efficiency of hydrogen generation are contingent upon the production method.
This work aims to study hydrogen production through electrolysis, specifically using renewable
electricity derived from solar and wind power sources (i.e., clean zero-emissions production, often
dubbed green hydrogen). Currently, alkaline electrolyzers (AEL) and proton exchange membrane

(PEM) electrolysis technologies are most commonly used for water electrolysis. These contribute
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only around 4% of worldwide hydrogen demand, while the vast majority of hydrogen production
is from SMR of natural gas [186]. Hydrogen production through AEL technology is becoming
the most economically attractive solution due to its technological maturity, sustainability, and low
cost for industrial applications compared to PEM electrolysis systems [187]. Both electrolysis
technologies rely on direct current (DC) to split water [188]. To transmit utility-scale electricity
over longer distances, either high voltage alternating current (HVAC) cables or high voltage direct
current (HVDC) cables can be employed, depending upon the distance. For shorter distribution
lengths (below 200 km for onshore and over 60 km for the subsea case), HVAC is preferred due to
ease of integration with the electric grid, although HVAC has higher electrical transmission losses
compared to HVDC [189]. In this work, the average costs of electricity transmission via HVDC and

HVAC are normalized per kilometer, as shown in Table 7.2.

After electrolysis, hydrogen must be compressed before pipeline injection, with reciprocating piston
compressors recommended for handling high hydrogen flow rates [190]. The techno-economic
parameters for electrolysis and compression stages are detailed in Table 7.2. The costs for electrolysis
systems include stacks, cooling, drying, control, and replacement (20% of CAPEX) but exclude
compression [53, 178]. Electrolysis stacks typically produce hydrogen at 30 bar, requiring 13 liters
of fresh water per kilogram of H, generated [53]. The water must meet high purity standards
(resistivity > 1 MQ-cm) as per ASTM guidelines [191]. Although AELSs are less sensitive to water
quality than PEMs, both technologies require purified water for long-term stability [192]. Given
LAX’s proximity to the Pacific Ocean, reverse osmosis (RO) is considered a feasible approach for

desalinating seawater for electrolysis.

The electric consumption for AEL and PEM electrolysis systems is projected to be 50 kWh/kgH,
(66% efficiency) and 45 kWh/kgH; (78% efficiency) for 2030 and 2050, respectively (comprising the
stack degradation that reduces performance by 3-5% over the course of the lifespan) [53, 177, 193].
As shown in Table 7.2, the techno-economic parameters for both technologies are similar for 2030

and converge by 2050. Both systems face H; loss due to crossover through the membrane, leakage,
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venting, and purging [194, 195]. With no specific data to differentiate leakage rates, a 3% loss for

2030 and 1.5% for 2050 will be assumed for both technologies.

As mentioned above, the electric power required for the green hydrogen supply to LAX comes from
solar and wind farms located around the airport. A microgrid infrastructure (Figure 7.2) is proposed,
independent of grid electricity, to produce green hydrogen via electrolysis. The intermittent nature
of solar and wind power necessitates the deployment of short- and long-term storage systems to
maintain stable electricity. Batteries can serve as a viable short-term storage system, while storing
hydrogen is an economic strategy for handling surplus power for long-term periods (seasonal
storage). As depicted in Figure 7.2, in the case of a mismatch between the total generated power
from renewable resources and the load demand, the battery will charge or discharge first. If the
imbalance remains, the hydrogen storage system will come into play. Hydrogen generated from
surplus power is stored in above-ground storage tanks. Currently, storing hydrogen in above-ground
tanks is costly; however, cost reductions are predicted for this technology, reaching $350/kg H2 by

2050 as shown in Table 7.2.
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Fig. 7.2 Schematic of the proposed stand-alone microgrid structure based on short-term
storage (battery) and long-term storage (hydrogen tank) capabilities
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7.1.5. Liquefaction and Storage

The energy density of LH, is almost three times larger than that of compressed hydrogen at 350
bar. Although compressed hydrogen has been used in small aircraft, for larger aircraft utilizing LH;
is more likely due to its higher energy density, particularly for travel over long distances or with
heavy payload [196]. Hydrogen is liquefied by cooling it down to below its critical temperature
of -240 °C, requiring storage in vacuum-insulated containers that can keep the hydrogen below its
boiling point of -253 °C at 1 atm. This cryogenic cooling process results in a significant reduction
in the volume of hydrogen, contributing to highly efficient hydrogen storage. Although hydrogen
liquefaction is acknowledged as a well-established technology, the high energy consumption and
operational costs remain obstacles for widespread adoption in hydrogen liquefaction plants [197].

Many aviation applications certainly merit liquefaction investments and operating costs.

There are two conventional large-scale liquefaction processes: the Hampson—Linde (or Joule-Thomson
expansion) and Claude cycles [3]. The Hampson-Linde cycle involves cooling compressed hydrogen
gas via heat exchange. After cooling below its inversion temperature, isenthalpic Joule—Thomson
expansion through a throttling valve partially liquefies the hydrogen. The remaining gas is re-
circulated and mixed with new feed. Liquid nitrogen can be used for precooling, but adjusting
pressure is crucial for adequate pre-cooling. The Claude cycle involves isentropic expansion of
compressed hydrogen between heat exchangers, reducing temperature before isenthalpic expansion
[198]. This process does not require liquid nitrogen and has higher efficiency compared to the
Hampson-Linde process. The Claude cycle is preferred for larger LH, plants with capacities above
3 tons per day (tpd), due to its higher efficiency and lower operating costs, despite potentially higher
investment costs [199]. The electric energy consumption for liquefaction plants is currently around
11 kWh/kgH, [200], with a projected reduction to 6 kWh/kgH, for large-scale plants in the future
[190, 199, 201]. For this work, 11 kWh/kgH> is considered for the 2030 case, and 6 kWh/kgH, for

the 2050 case. The cost parameters for the liquefaction plant are listed in Table 7.2.

This study considers spherical LH, storage tanks, similar to those reported by NASA [202]. Located
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at launch pad 39B at NASA Kennedy Space Center, Florida, this tank is the largest LH, storage
facility globally. The evacuated glass bubbles insulation system significantly reduces boil-off to a
maximum of 0.048% per day compared to former perlite-based insulation technologies. For future
larger LH, storage facilities, boil-off gas can be stored in pressurized vessels for further utilization,

improving infrastructure efficiency and reducing environmental impact [203].
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Fig. 7.3 Schematic diagram of the Claude process for liquefying hydrogen [3].

Filling the LH, storage tank requires a cryogenic pump. Techno-economic data is limited as
most cryopumps are not yet economically mature for large-scale use. For the LCOH calculations,
cryopump parameters from Hoelzen et al. [53] are used, as shown in Table 7.2. An electricity

consumption of 0.1 kWh per kg of LH; flow rate was assumed by Hoelzen et al. [201].

7.1.6. LH, Transmission

A gallon of hydrogen has an incredibly small mass of 0.00075 kg (at 1 atm pressure and 0°C),
compared to around 2.75 kg for gasoline. Hence, transportation of substantial amounts of H;
requires either liquefaction or pressurizing it as a compressed gas. Determining the total cost and
the most effective distribution option depends heavily on the production location. A large centrally
located hydrogen production facility produces more hydrogen for a smaller per-unit cost, but because
it is farther away from the point of consumption, transportation costs rise. On the other hand,
distribution costs are lower for decentralized production facilities that produce hydrogen locally, but
production costs could be greater because of smaller production and liquefaction facilities. Currently,

hydrogen can be delivered to the specified application point by cryogenic liquid tanker trucks or
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tube trailers, or by pipelines (in particular, for regions with substantial demand) [204]. Gaseous
hydrogen transportation might not be necessary if hydrogen is produced on-site or near the airport.
In such cases, hydrogen gas is liquefied at or adjacent to the airport. Because of the large hydrogen
volume involved, underground pipelines are the preferred form of delivery if gaseous hydrogen
supply to an airport is required. With minor modifications to the present infrastructure, it is possible
to utilize the natural gas pipelines that are currently in operation [205]. However, in this paper, only

new hydrogen pipelines will be considered, and Table 7.2 presents the associated economic data.

7.1.7. LH; Distribution at the Airport

LH, can be stored in tanks at or close to the airport after H, has been liquefied or if H, has
already been supplied in its liquid state. The main purpose of LH; storage is to reduce daily and
seasonal fluctuations in fuel use [201]. There are two means to transport LH;, from the storage
facility to the aircraft tank: either using a pipeline dispenser system or refueling trucks [206]. The
infrastructure and daily fuel consumption at the airport will determine which distribution system
would be preferred. The tanker fleet size might be easily adjusted to meet LH, demand. The
fuel tanker option entails lower capital costs but comes at the expense of higher operating costs
and increased ground traffic congestion near the gate [207]. However, finding sufficient spaces at
airports for a larger fleet is a concern due to the limited loading capacity of a single LH; refueling
vehicle [201]. On the other hand, pipelines and hydrant systems for LH; refueling offer better safety
and the possibility of faster aircraft refueling, which might result in lower turnaround times. The
current pipeline system for Jet A-1 cannot be used because insulation is required to minimize heat
input to LH; [208]. Installing a pipeline and hydrant refueling system would have higher initial
expenditures than employing refueling trucks, but it has an extended operating lifespan of several
decades. Thus, the size of the pipeline system, plus its associated costs, is more fixed than it would
be for refilling trucks [209]. To connect the pipeline or the LH, tank on the refueling truck to the

LH, storage onboard the aircraft, a dispensing device is required for both refueling modes. The
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refueling truck can have this dispensing device placed on it, while for LH; pipes, a dispensing truck
that runs between aircraft stands is used [208]. Publications on LH; pipelines are scarce and this
technology has not yet been widely commercialized. In Table 7.2, the 2030 cost parameters for
LH, pipeline and hydrant systems are based on the work by Hoelzen et al. [201]. For the 2050
values, a 20% cost reduction is assumed in this work. A vacuum-jacketed pipeline was proposed by
NASA as an option to transport LH; for shorter distances [210]. For the LH, pipeline, a minimum
diameter of 254 mm is assumed to minimize the friction inside the pipe [201, 211]. According to the
literature, the reported LH, refueling flow rate ranges between 13 and 20 kg LH,/s [208, 210, 212],
and in this work, a LH, flow rate of 20 kg LH»/s will be used. Hydrant pipelines are widely used at
large airports to refuel aircraft. At this rate one of the BWB-365 tanks with 2916 kg LH; capacity
will refuel in 2 minutes 30 seconds. In contrast, deploying cryogenic hydrant refueling pipelines
for LH; injection to aircraft tanks does not appear feasible by 2040 due to their nearly five times
higher cost compared to conventional Jet-A fueling hydrant infrastructure [213]. Consequently,
the near-term viability of refueling aircraft via LH, trucks is much higher. However, in this work,
the economic differences between these two distribution methods will be assessed. Figure 7.4
summarizes the advantages and disadvantages of using trucks and pipelines for delivering LH; to

the aircraft refueling sites at the airport.

For both LH; distribution cases at the airport, cryogenic pumps are needed to increase the pressure
of LH,. A cryogenic pump could be installed at the storage tank to fill the LH, truck and, in the case
of LH, pipeline, to increase LH, flow for aircraft refueling. For the aircraft refueling site, Hoelzen
et al. [201] suggested employing trucks that can be equipped with an extra cryopump, and the LH;
pipeline and hydrant system featuring a mobile dispenser unit comprising a truck and cryopump
system. Table 7.2 provides the economic factors related to the distribution of LH, at the airport,

including the cryogenic pump, dispenser truck, pipeline and hydrant system, and refilling truck.

Brewer suggested a loop design that circulates around the airport to and from the storage tanks to

maintain a constant supply rate of LH, via underground vacuum-jacketed pipes, covering all the
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gates used for refueling hydrogen-powered aircraft [210]. This circulation strategy helps minimize
heat leakage into the distribution lines regardless of the LH; flow rate, and enables cooling with the
liquefaction plant near the storage, thereby lowering the venting of boil-off gas. Previous work has
recommended the use of a separate line for recovering boil-off gas that occurs during the refueling

of airplanes [201, 210], which is included in our analyses.

Challenges Advantages
Ramp traffic and Infrastructure Less Boil-off recovery
vehicle congestion Costs infrastructure (up to 96%)
lruck emissions (GHG, AQ) Maintenance Lower capital cost Lower operating cost
Costs

Potential losses Leak detection Commercially Potentially safer

during transfer* available
Heat source if truck has IC Development timelines Minimal Faster delivery

engine (ignition source) & permitting permitting

Fig. 7.4 Benefits and drawbacks of delivering LH2 hydrogen inside an airport via trucks and
pipelines [4]

7.1.8. LAX LH, Demand and HSC Scenarios

The magnitude of the potential LH, demand that must be provided to LAX must be estimated to
design the hydrogen supply network. Amy and Kunycky [54] converted the 2012 yearly demand of
1,500 M gal of jet fuel at LAX (which was reported in [214]) to liquid hydrogen demand, estimating
55 M lit in a 100% hydrogen-based scenario at LAX for the year 2019. In the current work,
conservative scenarios with a 5% hydrogen-based fleet for 2030 and a 20% hydrogen-based fleet for
2050 were assumed. These percentages consider all types of commercially operated airplanes at
LAX, including regional, single-aisle, medium, and wide-body aircraft and the range of possible
alternative fuels available for flight (e.g., batteries, sustainable aviation fuel). Considering the growth
in both efficiency and passenger volume projected by the U.S. Energy Information Administration
(EIA) [215], these values correspond to a daily demand of 3.3 M lit in 2030 and 16.78 M lit in 2050

at LAX. It should also be noted that, to ensure stability in LH; pricing and supply to meet demand,
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two days of demand for LH, storage is proposed at LAX.

The hydrogen supply chain includes multiple stages, from production, transmission, distribution, and
end-use. Factors such as the airport’s size, geographical location, and scale of demand will influence
the design of the supply pathways [216]. Therefore, creating an efficient and dependable supply
network requires a thorough understanding of the system network, the trade-offs between different
technologies, and the availability of local resources [217]. Figure 7.5 illustrates various options for
supplying LH, to LAX. For scenarios A-D, hydrogen is produced from renewable electricity outside
of LAX airport, while in scenarios E and F, on-site production is considered. Due to the large
estimated LH, demand at LAX (3.3 and 16.5 million liters scenarios), transporting compressed
gaseous Hy (GH3) via road tankers does not seem logical and may result in severe traffic congestion
near LAX. Therefore, pipelines and LH> trucks are preferably proposed to supply green hydrogen to

LAX. The LH; supply scenarios are summarized as follows:

Supply chain A:
— Hydrogen production oft-site — off-site liquefaction — transmission via trucks to LAX — LH»

storage — distribution via LH, pipelines for fueling aircraft

Supply chain B:
— Hydrogen production off-site — off-site liquefaction — transmission via trucks to LAX —

distribution via trucks for fueling aircraft

Supply chain C:
— Hydrogen production off-site — transmission via pipelines to LAX — liquefaction at LAX —

distribution via LH» pipelines for fueling aircraft

Supply chain D:
— Hydrogen production off-site — transmission via pipelines to LAX — liquefaction at LAX —

distribution via trucks for fueling aircraft

Supply chain E:

— Hydrogen production on-site — liquefaction at LAX — LH, storage — distribution via LH,
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trucks for fueling aircraft
* Supply chain F:
— Hydrogen production on-site — liquefaction at LAX — LH, storage — distribution via LH»

pipelines for fueling aircraft
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Fig. 7.5 Various renewable H2 supply chain pathways proposed for LAX’s transition towards
a hydrogen-powered fleet, including A-D) off-site, and E & F) on-site production
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Table 7.2 Cost and Performance Parameters for Different Energy Components

Stage Component Parameter | Unit 2030 2050 Supply Pathways | Ref.
CAPEX $/kW 760 632 A-F [218]
Utility-scale PV OPEX $/KkW 16 13
Lifetime Yr 20 30
CAPEX $/kW 1150 923 A-F [218]
Wind Onshore OPEX $/KkW 27 23
Lifetime Yr 20 30
CAPEX $/kW 2650 2250 A-F [218]
Wind Offshore OPEX $/KW 87 72
Lifetime Yr 20 30
CAPEX $/kWh 200 100 A-F [[219], [220]]
Li-ion Battery System OPEX S/Wh 5 2
Lifetime Yr 15 15
CRF - 0.12 0.12
CAPEX Mn $/km 3 4 A-F [[189], [221], [222]]
Production DC or AC Lines & Substations OPEX $/km 30,000 | 40,000
Lifetime Yr 50 50
CRF - 0.082 | 0.082
CAPEX $/m3/day 2500 900 A-F [[223],[224],[225]]
Seawater Desalination OPEX $/m3/day 3 o
Lifetime Yr 25 30
CRF - 0.094 | 0.088
CAPEX $/kW 780 240 A-F [53], [177], [178], [194], [195], [226]
OPEX $/kW 20 6
PEM Electrolysis System Lifetime Yr 10 15
CRF - 0.15 0.12
Losses % of H2 throughput 3 15
CAPEX $/KW 480 240 A-F [53], [177], [178], [194], [195], [226]
OPEX $/KW 12 6
Alkaline Electrolysis System Lifetime Yr 10 15
CRF - 0.15 0.12
Losses % of H2 throughput 3 1.5
CAPEX $/kW 1489 1243 A-F [[531, [190]]
OPEX $/kW 30 25
Gas Compressor o
Lifetime Yr 15 15
Losses % of kgH2 feed 0.5 0.4
CAPEX Mn $/tpd 1.3 0.5 A-F [[53]]
OPEX $/tpd 52000 | 20000
Liquefaction Plant Lifetime Yr 20 25
CRF - 0.1 0.094
Losses % of kg H2 feed 1 0.5
CAPEX $/unit 700000 | 640000 | A-F [[53], [227], [228]]
L2 Track OPEX $/unit 84000 | 77000
Lifetime Yr 20 20
Transmission CRE - 0.1 0.1
CAPEX Mn $/km 3 22 Cand D [[53], [190], [229], [230]]
GH2 Pipeline OPEX $/km 30000 | 22000
Lifetime Yr 40 50
Losses % of H2 throughput 0.5 0.4
CAPEX $/kgH2 35 26 A-F [53], [202], [231]
Storage LH?2 Storage Tank OPEX S/kgH2 07 0.52
Lifetime Yr 20 30
Losses % of H2 stored/day 0.048 | 0.03
CAPEX $/unit 90000 | 90000 | B,D,and E [[201]]
LH2 Dispenser Truck OPEX $funit 2700 2700
Lifetime Yr 20 20
CRF - 0.1 0.1
Distribution CAPEX Mn $/km 10 8 A,C,and F [[201]]
OPEX $/km 300000 | 240000
LH2 Pipeline and Hydrant System | Lifetime Yr 40 50
Losses % kgH?2 feed and km length | 0.175 0.175
CAPEX $/kgH2/h 354 264 A,C,and F [[53], [232]]
LH2 Cryogenic Pump OPEX $w 1 8
Lifetime Yr 10 10
Losses % of H2 throughput 0 0
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a) Assuming a 380 kV double circuit line for 2030 and a 500 kV double circuit line for 2050 (both overhead
lines), Right of Way (ROW) cost is not included in the calculations.

b) Assuming reverse osmosis (RO) technology for seawater desalination (electrical energy consumption = 3
kKWh/m?).

¢) The estimated amount of electricity used for compression is between 0.7 and 1.0 kWh/kg [200].

d) The truck capacity is 4,300 kg of LH,, OPEX includes the driver’s salary, and the trucks are assumed to be
fuel-cell powered with a fuel economy of 10 miles per kg of Hy [233].

e) Assuming diameters of 250 mm (10 in) for 2030 and 500 mm (20 in) for 2050, with pressures typically
between 30 and 120 bar, and a H; velocity of 10 m/s to 20 m/s.

f) Spherical tank with an external diameter of 24 m and a storage volume of 4,700 m> as reported by NASA..

7.2. Results and Discussion
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Fig. 7.6 Technical Workflow for Estimating Hydrogen Usage at LAX in 2023 and 2050:
This diagram outlines the process of analyzing flight data, calculating fuel consumption, and
converting jet fuel to hydrogen for different adoption scenarios, using an example day as source
of data [5]
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Figure 7.6 illustrates the methodology used to estimate hydrogen usage at LAX for the years 2023
and 2050. The workflow begins by analyzing flight data from a representative day to calculate fuel
consumption based on aircraft type, thrust-specific fuel consumption (TSFC), and distance flown.
This is followed by converting the corresponding jet fuel requirements into hydrogen for various
adoption scenarios, assuming equal efficiency and consumption rates. Although hydrogen fuel
cells offer higher efficiencies, a fleet using only hydrogen combustion is assumed for simplicity and
conservatism. Additionally, it is assumed that 5% of total airport fuel consumption will be hydrogen
in 2030, increasing to 20% by 2050, in alignment with predictions such as those by [234], which
project hydrogen contributing 15-20% to zero-emissions aviation by 2050. While the final LCOH
values found in Section 7.3 and 7.5 assume constant hydrogen production year-round, understanding
the hourly demand behavior and modeling around it in a separate analysis, found in 7.2.2, provides a
crucial foundation for projecting future fuel needs and assessing potential hydrogen integration at

the airport.

Energy Mix Scenario Analysis

The energy mix analysis incorporates both solar and wind power generation to meet the daily power
demands. Solar power generation is modeled based on solar radiation, adjusted by the area of solar

panels and the efficiency of the solar cells, as shown in the equation:

SolarRadiationy /,,2 (i) X SolarArea X SolarEfficiency

SolarPowergw (i) = 109

(7.3)

Wind power generation depends on the wind speed, air density, and the sweep area of the turbines,

with efficiency losses accounted for, as represented by:
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WindPowergw (i) =

0.5 x AirDensity x SweepArea X WindSpeed,,, (i )? x RotorEfficiency x NumberOfTurbines

10°
(7.4)

7.2.1. Airport Dynamics

These equations allow for the precise calculation of hourly power generation from renewable sources,
which is critical for balancing supply with the adjusted power needs. In this scenario, which differs
from the main analysis by focusing on an almost instantaneous response to airport energy demand,
the setup—whether utilizing a battery system or hydrogen storage—eftectively manages short-term
fluctuations in power generation and demand. The system stores excess energy during periods of
low demand and quickly discharges it when generation falls short, ensuring that the airport’s energy
needs are met in real-time without the need for excessive buffer storage. This approach provides
a reliable and consistent power supply throughout the day, tailored to the airport’s immediate

operational requirements.
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Fig. 7.7 Hourly distribution of aircraft carrier passengers over a year, scaled to 87.5 million
total passengers, showing variation by day of the week.

Figure 7.7 illustrates the hourly average passenger volume at an aircraft carrier for the entire year of
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2018, broken down by day of the week. The plot shows a distinct peak in passenger numbers during
the morning hours, followed by a gradual decrease throughout the day, with slight variations across
different days of the week. This data represents the average across the entire year, with July 21, 2024
being used as an example for further analysis in subsequent discussions. This data was extrapolated
by combining daily aircraft class-specific flight volumes from OPSNET (Operational Network)
[235] with hourly flight volume data from LAWA (Los Angeles World Airports) [236] to create
detailed hourly aircraft class-specific time profiles. The original data used for this analysis was
obtained from Gurney et al. [237], and while the specific datasets are not fully available anymore,

the extrapolation was based on their work.
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Fig. 7.8 Hourly adjusted H, consumption by month (top) and corresponding power needed
in GW (bottom), with peak power demand occurring in the late evening.

Figure 7.8 illustrates the hourly variation in hydrogen consumption and corresponding power
demand throughout the day. The top graph shows that hydrogen consumption varies by month [236],
with higher consumption during months with increased passenger traffic, such as July and August.
Conversely, the lowest hydrogen consumption occurs in February, a month with lower passenger
activity. The bottom graph indicates that power demand increases throughout the day, peaking in
the late evening around 23:00. This peak in power demand coincides with the highest levels of

hydrogen consumption, emphasizing the critical role of hydrogen storage and supply systems in

191



meeting energy requirements during times when renewable energy sources, such as solar power,
are less available. The alignment of hydrogen consumption and power demand underscores the

necessity for efficient energy management to ensure a stable and continuous energy supply.

LAX Monthly Passengers in 2023
T T

Passengers (in millions)

Month

Fig.7.9 LAX Monthly Passengers in 2023, showing a peak in July with 7.5 million passengers,
followed by a decline in the later months of the year.

Figure 7.9 depicts monthly passenger traffic at LAX in 2023 [236]. A clear seasonal pattern is
evident, with peak travel occurring during the summer months (June-August), likely due to school
holidays and vacations. The total number of passengers served by LAX in 2023 was a remarkable 75
million. Interestingly, these summer peaks coincide with periods of higher solar radiation, offering

potential opportunities for increased solar energy generation to support the airport’s energy needs.

Figure 7.10 presents average hourly solar radiation (GHI) and wind speed data for two locations.
Location 1 (34.487882°, -117.91008°), which is located offshore the coast of Los Angeles, California,
exhibits a pronounced diurnal and seasonal solar radiation pattern, with peak GHI values reaching
approximately 1000 W/m? during summer months and minimal radiation in December. Wind
speed, measured at 100 m, at (34.487882°, -117.91008°) in Pearblossom, California, displays a
less pronounced seasonal variation compared to solar radiation. However, there is a noticeable
diurnal pattern with generally higher wind speeds during nighttime hours and lower speeds during

daylight. Pearblossom is chosen for its good radiation values, cheap land, and proximity to LAX
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Fig. 7.10 (Top) Global Horizontal Irradiance (GHI) throughout the day for each month,
peaking around midday. (Bottom) Wind speed at 100 meters height, with variations throughout
the day across different months, generally higher.

(approximately 50-60 miles). Offshore wind across from LAX is a good choice due to its consistent
wind patterns and potential for wind energy generation, which complements the solar radiation
profile. Additionally, the proximity to major aviation hubs like LAX can help reduce transmission
costs and leverage existing infrastructure. The higher capital and maintenance costs associated with
offshore wind farms are offset by their higher energy yield and the strategic location close to the

airport but still far enough from land to not cause major environmental concerns.
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7.2.2. Dynamic Energy Demand Limited to Single Example Day

Energy MEﬁ_Ar\aIysis with Storage for example Day July 21,2024 - 67,000 kg/3GWh buffer storage scenari

_______ Powar Needed
- = = Solar Power

35 ! Wind Power

i s Total Power Generated
— = Storage Level
Storage Charge/Discharge
— — plant slzed
A3

Hour

Fig. 7.11 Energy mix and storage analysis for July 21, 2024, with power generation, storage
dynamics, and a 67,000 kg or 3 GWh buffer scenario for no buffer storage scenario.

Figure 7.11 illustrates a fictional scenario where hourly power demand at the airport must be supplied
continuously, demonstrating how solar (2.4 GW) and wind (0.77 GW) generation trends align with
the example day’s energy demand pattern. With a storage capacity of 3.7 GW, the system balances
fluctuations between supply and demand. Solar and wind require 0.65 km? and 1.35 km? of land,
respectively. To meet the daily hydrogen demand of 305,796.98 kg, 640 MW of electrolysis power
is needed, along with a 67,000 kg/3 GWh buffer to ensure stable supply during peak periods.

7.3. Actual Scenario Cost Analysis Using Averaged hourly values

Actual Scenario Cost Analysis 2030

In the 2030 scenario, the power mix consists of a maximum solar power generation of 0.6914 GW
and a maximum wind power generation of 0.7546 GW, with a battery capacity of 1.9 GWh, as
shown in Figure 7.12. This combination is designed to meet LAX’s projected energy needs while

supporting hydrogen production via electrolysis. The power mix leans slightly more toward wind
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energy due to its relatively higher capacity and consistent generation profile, which is essential for a
stable supply of renewable electricity, but mainly due to the close proximity of the wind farm to
the electrolysis site. Additionally, this analysis aids in understanding hourly demand patterns, even
though the actual LCOH analysis in following sections assumes a constant hydrogen production rate

throughout the year.

Fig. 7.12 Power Mix for 2030 - Maximum Solar and Wind Power Generation, and Battery
Capacity.

Figure 7.12 presents the Levelized Cost of Hydrogen (LCOH) for LAX across four scenarios (A,
B, C, and D), using both Proton Exchange Membrane (PEM) and Alkaline Electrolysis (AEL)
technologies. The LCOH values range from approximately $5.56/kg to $5.9/kg for the different
scenarios. Notably, Scenario A (AEL) has the lowest LCOH at $5.56/kg, while Scenario C (PEM)
has the highest at $5.9/kg. This difference arises due to the lower CAPEX and OPEX associated
with AEL compared to PEM, despite PEM’s higher efficiency. The variation in LCOH between the
scenarios is also influenced by the delivery pathways: Scenario A involves off-site liquefaction and

truck transport, which are less costly than pipeline-based pathways depicted in Figure 7.13.
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Fig. 7.13 Levelized Cost of Hydrogen (LCOH) for LAX across four scenarios (A, B, C, and
D), using both PEM and AEL technologies.
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Fig. 7.14 Various LH2 Delivery Pathways to LAX in 2030 for Scenarios A, B, C, and D
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Fig. 7.15 Carbon Intensity of LH2 Supply to LAX in 2030 for Scenarios A, B, C, and D.

Figure 7.13 shows that the costs of LH, delivery pathways in 2030 with truck-based scenarios are
lower. This is mostly due to close proximity and is expected to be contrary for longer distances.
Although it is referred to as green hydrogen when produced from all renewable primary energy,
it is important to mention that hydrogen production can result in hydrogen emissions or leakage.
While hydrogen is not a greenhouse gas, its emission into the atmosphere can indirectly contribute
to global warming potential through reactions with hydroxyl radicals in the troposphere. Figure
7.14 indicates that the carbon intensity for LH; supply to LAX in 2030 ranges from 0.52 to 0.56 kg
CO»-eq/kg Hy. Scenario B shows the lowest carbon intensities, whilst scenario D has the highest,

mainly due to pipeline leakage.

Actual Cost Analysis 2050

By 2050, the power mix expands significantly, with a maximum solar power generation of 2.6999
GW and maximum wind power generation of 3.0185 GW, supported by an increased storage capacity
of 7.25 GWh, as seen in Figure 7.16. The increase in renewable energy capacity is necessary to meet
LAXs higher energy demands due to increased hydrogen adoption. This larger capacity also reflects

anticipated technological advancements and cost reductions in renewable energy deployment.
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Fig. 7.16 Power Mix for 2050 - Maximum Solar and Wind Power Generation, and Storage
Capacity.

The cost breakdown in Figure 7.17 reveals a marked decrease in LCOH for 2050, with values ranging
from $2.96/kg to $2.98/kg across all scenarios. This reduction is primarily driven by improved
efficiencies in electrolysis (with AEL and PEM achieving greater operational efficiencies and lower
CAPEX) and reduced costs for hydrogen liquefaction and distribution. The differences in costs
between the scenarios are marginal by 2050, suggesting that technological improvements have

narrowed the cost gap between different delivery methods.
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LCOH for LAX in 2050

Fig. 7.17 Cost Breakdown of Electrolysis, Compression, Liquefaction, and Distribution of

LH2 to LAX in 2050.
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Fig. 7.18 Various LH2 Delivery Pathways to LAX in 2050 for Scenarios A, B, C, and D.
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Fig. 7.19 Carbon Intensity of LH2 Supply to LAX in 2050 for Scenarios A, B, C, and D.

Figure 7.18 shows that hydrogen delivery via trucks remains more viable due to the short distance.

199

m Electrolysis

m Compression

m GH2 Pipeline
Liquefaction

m Storage Tank at LAX



Moreover, due to lower CAPEX, we see a substantial reduction in delivery costs by 2050. Finally,
Figure 7.19 demonstrates that the carbon intensity of LH2 supply to LAX decreases in 2050, with
values ranging from 0.29 to 0.35 kg CO2-eq/kg H2. The reduction in carbon emissions results from
increased renewable energy use and improved efficiency in hydrogen production and distribution
processes. Scenarios involving pipeline use (Scenarios C and D) exhibit slightly higher carbon
intensities due to the energy required for compression and transport, whereas truck-based delivery

(Scenarios A and B) maintains lower carbon emissions.

7.4. Mapping Power Systems and Infrastructure

Table 7.3 Projected Solar and Offshore Wind Power Capacities, Required Areas, and Area
Efficiency for 2030 and 2050.

Year Solar Power (GW) Solar Power Area (km?) Offshore Wind Power (GW) Offshore Wind Power Area (km?)

2030 0.70 4.0 0.76 110
2050 2.69 12.0 3.02 300
solar farms
@ Lax
© wind farms
solar2030 /
{7 solar 2050
& wind 2030
wind 2050
& Electrolysis &
©] electrolysis

e‘/"ojé
'eoa ¢

Fig. 7.20 Projected Locations of Solar and Offshore Wind Farms Near Los Angeles Interna-
tional Airport (LAX) for 2030 and 2050.

The analysis in Table 7.3 and Figure 7.20 illustrates the projected reductions in area requirements for
solar and offshore wind power generation near LAX by 2030 and 2050. Solar power areas increases
from 4.0 km? to 12.0 km?, while offshore wind areas increase from 110 km? to 300 km?, driven

by larger turbines and floating platforms. Figure 7.20 shows these planned locations, indicating
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strategic siting to optimize transmission and support energy demands near LAX while minimizing

land use conflicts.

7.5. Hourly Year-Round Analysis of Energy Mix

A detailed year-round hourly analysis shows that maintaining continuous hydrogen production
requires strategies beyond annual averages. While many studies rely on annual averages [238, 239],
similar to our simplified analysis showcased in Section 7.2, do not account for the variability in
renewable energy supply, making uninterrupted production challenging without seasonal storage
solutions. Two scenarios are analyzed in this case with an increase in solar power capacity as well as

the addition of seasonal storage that deemed necessary in the more fluctuated year-hourly analysis.

In Southern California, depleted oil and gas fields in the Los Angeles and Ventura Basins could
provide geological storage at a lower cost, estimated between $1 to $10 per kg of hydrogen, leveraging
existing infrastructure and favorable geological conditions. Gaseous tank storage is approximately
$300-500, with Department of Energy goal for 2020 as $333 [240, 241]. The levelized storage cost
range for various storage technologies according to [240] is: Line packing: $0.05 or less per kg H2;
Salt cavern: $0.6-1.2 per kg H2; Above ground pressurized tank (GH2): $0.3-0.5 per kg H2. In

case where above ground storage is used assumption is $450 per kg including compression.

The use of above-ground storage results in an LCOH for 2030 ranging from $6.73 to $7.06 and for
2050 ranging from $3.65 to $3.67 leading to approximately a 17-19% increase in LCOH. These
values are based on the increase in capacity and seasonal storage, with details of the analysis provided
in Section 7.5. An alternative analysis based on geological storage with optimistic assumptions can
be found in Section C.2 in the Appendix which leads to only a 4-10% in LCOH. Nevertheless, this
increase in values is expected, where the addition of yearly storage and operation in an independent
grid—where there is only a single constant source of consumption—results in a significant increase

in LCOH.
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2030 Hourly Year-Round Analysis

Table 7.4 Energy Storage and Generation Capacities for 2030

Parameters Values

Maximum Solar Power Generated 1.2771 GW

Maximum Wind Power Generated 0.7546 GW (capped at 0.75 GW)

Battery Storage Capacity 1.9 GWh

Seasonal Storage Capacity 32.0 GWh

LCOH for LAXin 2030

7.06 7.04 7.04
6.75 6.74 7.05 6.75

$/kgH,

— — - - 6.7
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Fig. 7.21 Levelized Cost of Hydrogen (LCOH) for LAX in 2030 across different scenarios,
considering hourly-year-round operation with above-ground hydrogen seasonal storage.

As shown in Figure 7.21, the Levelized Cost of Hydrogen (LCOH) for LAX in 2030 ranges from

$6.73 to $7.06 per kg of H,, depending on the scenario considered. These values reflect the costs

associated with hourly-year-round operation and above-ground hydrogen seasonal storage.
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The storage capacities, as outlined in Table 7.4, show a maximum solar power generation of 1.2771
GW (an increase from previous analysis) and a capped wind power generation at 0.75 GW. The
battery storage capacity is 1.9 GWh, complemented by a seasonal storage capacity of 32.0 GWh
(960,096 kg hydrogen) or 4 days storage. These capacities highlight the need for robust storage
solutions to handle the hourly variability in renewable energy generation and weather patterns and

maintain a stable supply of hydrogen throughout the year given.

e Energy Mix Analysis with Capped Wind Power and Seasonal Storage for the Year
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Fig.7.22 Power needed, generated, and storage dynamics over one year (2030), showing solar
power, capped wind power, total power generated, storage levels, and storage charge/discharge

cycles. This is based on hourly-year-round operation with above-ground hydrogen seasonal
storage.
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Solar and Wind Power Generation Over One Year
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Fig. 7.23 Solar and wind power generation over one year (2030), illustrating the variability
and total power contribution from each source. This analysis is for hourly-year-round operation
with above-ground hydrogen seasonal storage.
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Fig. 7.24 Seasonal storage dynamics over one year (2030), displaying the seasonal storage
level and charge/discharge activities. The costs are considered for hourly-year-round operation
with above-ground hydrogen seasonal storage.

Figure 7.22 demonstrates the multiple factors needed to balance an independent grid, including
battery storage and seasonal hydrogen storage that is dispatched throughout the year. Seasonal
storage is primarily dispatched during winter and the last two months of the year, with some
minor variations due to unpredictable weather patterns. Figures 7.23 and 7.24 further illustrate the

variability in solar and wind generation and the corresponding seasonal storage dynamics, showing
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how these elements work together to maintain a stable energy supply for hourly-year-round operation

at LAX in 2030.

2050 Hourly Year-Round Analysis

$/kgH,

Table 7.5 Energy Storage and Generation Capacities for 2050

Parameters

Values

Maximum Solar Power Generated

Maximum Wind Power Generated

Battery Storage Capacity

Seasonal Storage Capacity

5.12GW

3.0185 GW

7.6 GWh

128 GWh

LCOH for LAX in 2050

m Solar

3.66 3.67 3.65 3.66

mWind
m Battery Storage
m H2 Storage
m Electricity Transmission
m SeawaterDesalination
mElectrolysis
m Compression
m GH2Pipeline
Ligquefaction
m Cryopumps
mLH2 Tank atLAX
LH2 Truck Delivery to to LAX

ScenarioA

ScenarioB ScenarioC  ScenarioD LH2 Trcuk atLAX

m LH2 pipeline

Fig. 7.25 Levelized Cost of Hydrogen (LCOH) for LAX in 2050 across different scenarios,
considering hourly-year-round operation with above-ground hydrogen seasonal storage.

Figure 7.25 provide insights into the energy storage and generation dynamics for 2050, based

on hourly-year-round operation with above-ground hydrogen seasonal storage. Levelized Cost of
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Hydrogen (LCOH) for LAX in 2050 ranges from $3.65 to $3.67 per kg, reflecting the impact of
increased capacity and storage solutions. The expanded storage capacities, including 7.6 GWh of
battery storage and 128 GWh of seasonal storage (as shown in Table 7.5), help balance the grid and
mitigate fluctuations, particularly during periods of low renewable generation, ensuring a stable

energy supply throughout the year.

Energy Mix Analysis with Capped Wind Power and Seasonal Storage for the Year
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Fig. 7.26 Power needed, generated, and storage dynamics over one year (2050), showing
solar power, wind power, total power generated, storage levels, and storage charge/discharge
cycles. Costs are based on hourly-year-round operation with above-ground hydrogen seasonal

storage.
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Fig. 7.27 Seasonal storage dynamics over one year (2050), displaying the seasonal storage
level and charge/discharge activities. Costs are calculated for hourly-year-round operation
with above-ground hydrogen seasonal storage.
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Fig. 7.28 Solar and wind power generation over one year (2050), illustrating the variability
and total power contribution from each source. Costs are considered for hourly-year-round
operation with above-ground hydrogen seasonal storage.

Figure 7.26 illustrates the power balance for 2050, integrating solar, wind, battery, and seasonal
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hydrogen storage to stabilize the grid. Seasonal storage is primarily dispatched during winter and
year-end, with adjustments for weather variability. Figure 7.27 shows the charge and discharge cycles
that maintain supply stability, while Figure 7.28 highlights the variability in renewable generation,

underscoring the need for flexible storage to ensure reliable, year-round operation at LAX.

7.6. Conclusion

This analysis demonstrates the viability and cost-effectiveness of different hydrogen supply strategies
for Los Angeles International Airport (LAX) in 2030 and 2050, focusing on both economic and
environmental impacts. By 2030, the lowest Levelized Cost of Hydrogen (LCOH) is achieved in
Scenario A (AEL) at $5.56/kg, while Scenario C (PEM) reaches the highest at $5.9/kg. Truck-based
delivery is more economical due to the short distances involved, with carbon intensities ranging
from 0.52 to 0.56 kg CO2-eq/kg H2, where Scenario B shows the lowest emissions. By 2050,
renewable energy capacity increases substantially, with solar generation reaching 2.6999 GW
and wind generation 3.0185 GW, supported by a storage capacity of 7.25 GWh. This leads to a
reduced LCOH between $2.96/kg and $2.98/kg across all scenarios due to enhanced efficiency and
technological advancements. The carbon intensity also drops to 0.29 to 0.35 kg CO2-eq/kg H2, with
truck-based delivery scenarios (A and B) maintaining lower emissions compared to pipeline-based
scenarios (C and D). Overall, the results highlight the importance of optimizing renewable energy
use and delivery methods to achieve cost-effective and environmentally sustainable hydrogen supply

for aviation.

A more detailed, though not entirely identical for every year due to different weather patterns, hourly
year-round analysis showcased in section 7.5 provides greater consistency across years compared to
using average solar and wind patterns throughout the entire year. The results, are based on 2022

solar and wind data as shown in Figures 7.23 and 7.28.

The use of above-ground hydrogen storage results in LCOH costs for 2030 ranging from $6.73
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to $7.06 and for 2050 between $3.65 and $3.67, reflecting the impacts of increased capacity and
seasonal storage. These costs are in line with expectations whenever hourly year-round variability is

included in the equation showcasing a 17-19% increase LCOH for 2030 and 2050.

Under more optimistic geological assumptions, LCOH costs are expected to increase conservatively
by 4-10%, depending on the seasonal hydrogen storage capacity available in Southern California in
addition to battery storage. A significantly higher increase in LCOH, ranging from $0.5 to $1, is
anticipated if above-ground gaseous storage is utilized. Additional details on these findings can be

found in Section C.1.

This study can be considered preliminary research on LAX’s capability to incorporate green LH2
into its fuel portfolio for modified aircraft engines expected in the coming decades. The LCOH
in reality would naturally differ from the estimates provided here due to simplified assumptions
and the complexity of LH2 supply chain scenarios to LAX and surrounding regions, particularly
the construction of solar and wind sites, pipelines and electricity transmission lines. Despite this,
the long-term LCOH and carbon intensity results from this study indicate a promising future for
implementing LH?2 fuel for carbon-free flights at LAX. Further rigorous life-cycle analysis and the
adoption of optimization techniques (such as linear programming approaches) are recommended to
expand the understanding of environmental repercussions and reduce the final LCOH, respectively.
Additionally, assessing the costs associated with modifying aircraft design for hydrogen-powered
propulsion is another essential area for future research. While green hydrogen is currently an
expensive commodity, in the long run, it has the potential to be a powerful decarbonization tool
for the aviation sector. This scenario becomes even more plausible with substantial government

funding supporting the transition towards sustainability.

This study can be considered preliminary research on LAX’s capability to incorporate green LH2
into its fuel portfolio for modified aircraft engines expected in the coming decades. The LCOH
in reality would naturally differ from the estimates provided here due to simplified assumptions

and the complexity of LH2 supply chain scenarios to LAX and surrounding regions, particularly
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the construction of solar and wind sites, pipelines, and electricity transmission lines. Despite this,
the long-term LCOH and carbon intensity results from this study indicate a promising future for
implementing LH?2 fuel for carbon-free flights at LAX. Further rigorous life-cycle analysis and the
adoption of optimization techniques (such as linear programming approaches) are recommended to
expand the understanding of environmental repercussions and reduce the final LCOH. Assessing
the costs associated with modifying aircraft designs for hydrogen-powered propulsion is also an
essential area for future research. While green hydrogen is currently expensive, in the long run, it
has the potential to become a powerful decarbonization tool for aviation, especially with substantial

government funding supporting the transition to sustainability.

In this context, it’s important to consider the varying impact of hydrogen adoption across airports
of different sizes, based on local renewable energy resources and fuel demand. Smaller airports
may lean towards decentralized refueling stations, catering to regional flights and general aviation,
with simpler logistics and lower volumes. Larger airports, however, will require more robust
infrastructure, such as centralized production facilities and extensive storage systems, to support
high-capacity hydrogen supply chains for major commercial airlines. Establishing hydrogen hubs
across the United States could facilitate a nationwide delivery network, improving the distribution
and reliability of hydrogen as an aviation fuel. Nonetheless, challenges remain, including the high
costs of hydrogen production and storage, limited infrastructure, regulatory barriers, and the need

for standardized fueling protocols.
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8. Summary and Conclusions

The story of this dissertation unfolds by developing a comprehensive methodology for retrofitting
aircraft with hydrogen power systems, analyzing their economic and environmental viability. It
begins with the Cessna Citation XLS+, where initial retrofitting concepts are tested to understand
the feasibility and impacts of hydrogen combustion and fuel cell technologies. The focus then shifts
to the Cessna S550, where dynamic modeling is employed to assess how these systems handle real
flight dynamics. The study also explores low altitude turbo-prop aircraft and new configurations of
PEMFC and battery-electric. Furthermore, more advanced concepts are analyzed by sizing and
analyzing Blended Wing Body (BWB) designs with hydrogen power, comparing their performance
and benefits against conventional aircraft retrofits. The story culminates in an exploration of the
costs and infrastructure required to supply green hydrogen to airports, from production to fueling

aircraft, offering insights into the transition toward a sustainable aviation future.

The dissertation lays ground to a hydrogen retrofit methodology and starts by retrofitting a Cessna
Citation XLS+ with hybrid power systems combining hydrogen combustion and Solid Oxide Fuel
Cell/Gas Turbine (SOFC/GT) technologies, focusing on performance, emissions, lifecycle, and cost.
Modifications include designing liquid hydrogen tanks to meet insulation, sizing, center of gravity,
and power constraints, resulting in a 5% takeoff weight reduction for hydrogen combustion and
0.4% for the SOFC hybrid, while necessitating a reduction in passenger capacity to accommodate

cryogenic tanks.

Building on this analysis, the dissertation transitions to dynamic modeling of the Cessna S550
Citation S/II equipped with an SOFC/GT system. This phase examines whether hydrogen-powered
engines can effectively respond to flight dynamics, revealing that while the hybrid configuration

demonstrates high efficiency (up to 71.4%) and responsiveness, battery storage integration is crucial
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to handle rapid power demands during critical flight phases such as takeoff, descent, and landing.

The narrative then shifts to more futuristic designs, focusing on the hydrogen-powered Blended
Wing Body (BWB) models—BWB-365 and BWB-162. These designs are analyzed to compare their
performance against conventional aircraft retrofits, demonstrating significant improvements in fuel
efficiency (22.7% and 28.7%, respectively) over traditional Tube and Wing designs. The BWB-365
achieves a 61% reduction in fuel consumption per passenger-kilometer and a 22% reduction in
takeoff weight compared to the Boeing 777-300ER, while the BWB-162 shows a 52% reduction in
fuel consumption, albeit with an 11% increase in takeoff weight relative to the Boeing 737-800.
However, integrating the SOFC/GT powertrain into these designs presents space challenges for
hydrogen storage, potentially necessitating fuselage extensions to maintain payload capacity. Despite
these obstacles, hydrogen-powered aircraft offer considerable environmental benefits, particularly in
reducing NOx emissions, though further research is needed to address system integration and the

slower startup times of SOFC/GT systems.

Finally, the study also examines the retrofitting of the ATR42-600 with hydrogen power systems,
highlighting the trade-offs in adapting current aircraft designs. The PEMFC-powered variant,
despite advancing hydrogen integration, results in a 46% reduction in seating capacity (from 48
to 26 passengers) due to lower efficiency and increased hydrogen volume requirements. The
SOFC-powered variant shows a smaller impact, with a 29% reduction in seating capacity (from 48
to 34 passengers), while the hydrogen combustion option requires a 38% decrease in seats (from 48
to 30 passengers) to accommodate storage needs. The ATR42-600 was the only aircraft analyzed
with both PEMFC and battery-electric configurations for direct comparison, as these setups were
not feasible for other aircraft and mission profiles while maintaining a constant range approach
and assuming no electric compression for PEMFC. The battery-electric variant achieved a limited
range of approximately 150 nmi (278 km), compared to the conventional 702 nmi (1,302 km),

underscoring the challenges of current battery technology in aviation.

The dissertation concludes by exploring the costs and logistics of delivering green hydrogen to

212



airports, with a case study focused on Los Angeles International Airport. It assesses future hydrogen
supply strategies for 2030 and 2050, factoring in production, delivery, and infrastructure needs. By
2030, the Levelized Cost of Hydrogen (LCOH) is estimated between $5.56/kg and $5.9/kg, with
truck-based delivery being more economical. By 2050, the expansion of renewable energy capacity
could lower LCOH to $2.96-$2.98/kg, with reduced carbon intensities.

However, when accounting for hourly year-round operation, the LCOH increases by 17-19% with
above-ground storage, reaching a minimum of $6.73 by 2030 and $3.65 by 2050. In contrast, if
below-ground geological storage is utilized, the increase is more modest, ranging from 4—10%, with
LCOH reaching $5.75 in 2030 and $3.29 in 2050.

These insights emphasize the importance of optimizing both renewable energy use and hydrogen

delivery methods to ensure a sustainable and cost-effective transition to hydrogen-powered aviation.

Future work could focus on several key areas to advance hydrogen-powered aviation technologies. A
primary area of research would be the lifecycle analysis (LCA) of hydrogen-powered blended wing
body (BWB) aircraft, assessing both the environmental and economic sustainability of these systems
throughout their operational lifespan and comparing them to conventional aircraft technologies.
Additionally, research into airport infrastructure changes required for BWB aircraft, such as passenger
loading mechanisms and landing strip width, would be valuable. Furthermore, the integration of
high-temperature proton exchange membrane fuel cells (HT-PEMFCs) could be explored, taking
advantage of their reduced cooling requirements and enhanced overall system efficiency. Laboratory
experiments could also be conducted to investigate the effects of altitude on the performance of
low-temperature and high-temperature PEMFCs, as well as solid oxide fuel cell (SOFC) hybrid
systems, ensuring these technologies are robust and effective under varying flight conditions.
Additionally, research into the fueling and defueling dynamics of liquid and cryo-compressed
hydrogen tanks could address key operational challenges, including the complexities of managing

these systems during ground operations and boarding procedures for BWB aircraft.
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A. Dynamic modeling of SOFC/GT
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Fig. A.1 Drag profile of the example Cessna S550 Citation S/II flight trajectory from East
Hampton Airport (HTO) to Palm Beach International Airport (PBI)
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Fig. A.2 Aircraft altitude, velocity, and modeled percentage of maximum thrust versus
distance traveled and time of the example Cessna S550 Citation S/II flight trajectory from
East Hampton Airport (HTO) to Palm Beach International Airport (PBI)
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Fig. A.3 Power profile for the second mission profile analyzed.

Table A.1 Proportional and integral gains for SOFC/GT controls

Manipulated Variable Controlled Variable Gain Proportional Gain
Tcathout RPM le-3 le-2

RPM GenPower 1 le2

Current Density Fuel Cell Power (FCPower) 2 0

Fuel flow Turbine Inlet Temperature (TIT) 0 0

Cold Bypass Cathode Inlet Temperature (Tin) le-1 2

Recycle Oxidant Bypass (OXBypass) 0 1

Blower Blower Outlet Temperature (BlowerT) 1le-3  1le-2
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550 Battery Capacity Degradation Over Years (4 Cycles/Day)
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Fig. A.4 Battery degradation and internal resistance after 10 years
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B. Design Methodology of BWB

B.1. Emission tables

Table B1 Fuel Burnt and Emissions by Flight Segment for Example Flight Trajectory from
SFO to HKG Aboard a B777-300ER

Segment  Fuel Burnt (kg)  CO, (kg) H,O (kg) NOx (kg CO (kg) HC (kg)

Taxi 91.316 282.06 11291 0.50324 3.1575 0.33202
Takeoff 33.966 106.91 42.719 1.7346  0.0042458 0.0010869
Climb 3124.4 9834 3929.8 113.85 0.42804 0.074985
Cruise 1.3158e+05 4.1416e+05  1.655e+05 5263.2 9.2106 1.579
Descent 2397 7543.2 3013 47.94 1.1985 0.043146
Approach 270.89 851.75 340.67 4.3791 0.58511 0.013003
Total 4.3278e+05 1.7294e+05  5431.6 14.584 2.0432

Table B2 Fuel Burn and Emissions by Flight Segment for Example Flight Trajectory from
SFO to HKG Aboard a Hydrogen BWB-365

Segment  Fuel Burn (kg) H,O Emissions (kg) NOx Emissions (kg)

Taxi 11.92 107.25 0.01
Takeoff 4.43 39.89 0.00
Climb 407.71 3669.43 0.39
Cruise 17170.54 154534.90 16.35
Descent 312.80 2815.17 0.30
Approach 35.35 318.14 0.03
Total 161484.78 17.08
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Table B3 Emissions and Fuel Burnt for Different Flight Segments for Example Flight
Trajectory from SFO to BOS Aboard a B737-800

Segment Fuel Burnt (kg) CO, (kg) H,0 (kg) NO, (kg) CO (kg) HC (kg)
Taxi 15.779 48.964 19.559 0.067848 0.40867 0.048914
Takeoff 6.1638 19.396 7.7498 0.12636 0.0036983 0.00061638
Climb 731.4 2301.6 919.59 12.726 0.3657 0.07314
Cruise 10453 32898 13146 156.8 3.1359 0.52265
Descent 607.28 1909.9 763.17 4.2509 0.91092 0.12146
Approach 43.754 137.5 55.012 0.41566 0.14001 0.0043754
Total 37315 14911 174.38 4.9649 0.77115

Table B4 Fuel Burn and Emissions by Flight Segment for Example Flight Trajectory from
SFO to BOS Aboard a Hydrogen BWB-162

Segment  Fuel Burn (kg) H;O Emissions (kg) NOx Emissions (kg)
Taxi 2.71 24.38 0.00
Takeoft 1.06 9.52 0.00
Climb 125.56 1130.06 0.12
Cruise 1794.50 16150.50 1.71
Descent 104.25 938.28 0.10
Approach 7.51 67.60 0.01
Total 18320.34 1.94
Table BS Emission factors for different aircraft models.
kg/px-km CO, H,O NOx CO HC
Kerosene B777-300ER  0.1121  0.044794 0.0014069 3.7774x 1076 5.2922 x 1077
H,; BWB-365 0 0.041827 4.4239 x 107° 0 0
Kerosene 737-800 0.059283 0.023689  0.00027704  7.8878 x 107 1.2251 x 107
H; BWB-162 0 0.029106 3.0821 x 107 0 0
H; T&W-365 0 0.05414  5.7268 x 107° 0 0
Hy T&W-162 0 0.040571  4.2895 x 107° 0 0
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Table B6 Total CO, equivalent emissions for different aircraft models.

Aircraft Total CO,eq (kg/passenger-km)
Kerosene B777-300ER 0.17103

H,; BWB-365 0.0026447

Kerosene 737-800 0.071802

H, BWB-162 0.0018405

H; T&W-365 0.0034233

H; T&W-162 0.0025653

Scenario 1: e
s
i
Scenario 2: N
Scenario 3:

l To Fuel Cell
"/

system

*Pressure values excluded

Fig. B.1 Three different hydrogen defueling scenarios for a liquid hydrogen (LH;) tank.
Scenario 1 depicts pressure build-up using a vaporizer unit and a heater. Scenario 2 adds
direct heating within the tank. Scenario 3 incorporates a boost pump, pressure control system,
and vaporizer/heater for liquid hydrogen extraction.
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C. Hydrogen Airport Transformation

C.1. Hourly year-round analysis of energy mix

Our assessment demonstrates that to achieve stable production, a 20% increase in solar PV capacity
is necessary. Additionally, multiple days of seasonal hydrogen storage are required to buffer against
seasonal fluctuations in renewable power. To produce excess hydrogen, the electrolyzer current
i1s dynamically adjusted, ramping up by increasing the current during surplus power periods to
maximize hydrogen output. In Southern California, depleted oil and gas fields in the Los Angeles
and Ventura Basins could provide geological storage at a lower cost, estimated between $0.35 to
$1.00 per kg of hydrogen, leveraging existing infrastructure and favorable geological conditions. A
$1.00 per kg assumption is made in this section. The following section presents the results of this
analysis, with the LCOH for 2030 being $5.75 to $6.08 (appx. 3% increase), and $3.29 to $3.30 for

2050 (appx. 10% increase) when geological storage of $1 per kg.
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C.2. Hourly Year-Round Analysis with geological seasonal storage

2030 Hourly Year-Round Analysis

Table C1 Power Generation and Storage Capacity for 2030

Parameter Value

Maximum Solar Power Generated 1.0947 GW =
Maximum Wind Power Generated 0.7546 GW (capped at 0.75 GW)
Storage Capacity 2.203 GW

Seasonal Storage Capacity 50.0000 GW - hours (6 days hydrogen storage)
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Fig. C.1 Power needed, generated, and storage dynamics over one year (2030), showing solar
power, capped wind power, total power generated, storage levels, and storage charge/discharge
cycles.
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LCOH for LAX in 2030
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Fig. C.2 Levelized Cost of Hydrogen (LCOH) for LAX in 2030 under different scenarios
using PEM and AEL technologies. Each bar represents the cost breakdown in $/kg H; for
various components such as solar, wind, battery storage, electrolysis, and transport.

2030 Hourly Year-Round Analysis

Table C2 Power Generation and Storage Capacity for 2050

Parameter Value

Maximum Solar Power Generated 4.3788 GW

Maximum Wind Power Generated 3.0184 GW (capped at 3.02 GW)

Storage Capacity 8.812 GW

Seasonal Storage Capacity 180.0000 GW - hours (5 days hydrogen storage)
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Fig. C.3 Power needed, generated, and storage dynamics over one year (2050), showing solar

power, capped wind power, total power generated, storage levels, and storage charge/discharge
cycles.

LCOH for LAX in 2050
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Fig. C.4 Levelized Cost of Hydrogen (LCOH) for LAX in 2050 under different scenarios.
The figure shows the cost breakdown in $/kg H, for various components such as solar, wind,
battery storage, electrolysis, and different methods of hydrogen transport and storage. The
total cost for each scenario is indicated above each bar.
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