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JOURNAL OF PROPULSION AND POWER

Methodology for Assessing Retrofitted Hydrogen Combustion and

Fuel Cell Aircraft Environmental Impacts

Khaled Alsamri,*< Jessica De la Cruz," Melody Emmanouilidi,” Jacqueline Huynh, ¥
and Jack Brouwer$
University of California Irvine, Irvine, California 92697

https://doi.org/10.2514/1.B39405

Hydrogen (H,) combustion and solid oxide fuel cells (SOFCs) can potentially reduce aviation-produced greenhouse
gas emissions compared to kerosene propulsion. This paper outlines a methodology for evaluating performance and
emission tradeoffs when retrofitting conventional kerosene-powered aircraft with lower-emission H, combustion and
SOFC hybrid alternatives. The proposed framework presents a constant-range approach for designing liquid
hydrogen fuel tanks, considering insulation, sizing, center of gravity, and power constraints. A lifecycle assessment
evaluates greenhouse gas emissions and contrail formation effects for carbon footprint mitigation, while a cost
analysis examines retrofit implementation consequences. A Cessna Citation 560XLS+ case study shows a 5% mass
decrease for H, combustion and a 0.4% mass decrease for the SOFC hybrid, at the tradeoff of removing three
passengers. The lifecycle analysis ol green hydrogen in aviation reveals a significant reduction in CO, emissions for
H, combustion and SOFC systems, except for natural-gas-produced H, combustion, when compared to Jet-A fuel.
However, this environmental benefit is contrasted by an increase in fuel cost per passenger-km for green H,
combustion and a rise for natural-gas-produced H, SO¥FC compared to kerosene. The results suggest that
retrofitting aircraft with alternative fuels could lower carbon emissions, noting the economic and passenger

capacity tradeoffs.

Nomenclature

Mjlledcapsute

mass of filled capsule
mass of tank

Cp air = specific heat capacity of air m
d = height of the spherical head n = massflowrate
d, = radius of inner tank Py = mass flow rate of air
d, = width of spherical head Mfuel = mass flow rate of fuel
EI(X) = emission index of species X M, = mass flow rate of hydrogen
Cueld = weld efficiency H1t1,0 = mass flow rate of water
= mixing line slope Msteam = mass flow rate of steam
g = acceleration due to gravity on Earth Nup = Nusselt number
h = cruising altitude Is =  pressure )
Heonw = convective heat transfer coefficient P, = ambient pressure at altitude
hg = heat energy available per unit weight of fuel Pes = pressure for hydrogen storage
K = geometrical constant Pr = Prandtl number
Kins = thermal conductivity of insulation Q = heat transfer rate
k = thermal conductivity of the material q = heat loss
L = length of the cylindrical part of tank R = lange
Legi = length of cylinder ]‘QeD = Re)fnolds number
L/D = lift-to-drag ratio '. = r‘ad}us . .
LHV = lower heat value of fuel Vins = radius of insulation
M. = mass boiloff ry = radius of inner vessel
';;"k’ff = mass of hydrogen ry = radius of outer shell
MAC mean aerodynamic chord r = lemperature . i
) T atm = atmosphere temperature surrounding the cylinder
i = inside temperature
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= Stefan-Boltzmann constant
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Oeq = equivalent

Oy = property for fuel

O, = property for hydrogen

On = property at altitude

()st =  property at standard temperature
O = property for tank

O = property for tank

0* = persegment

I. Introduction

S 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 [1]. To meet the ambitious objective of emission reduction,
simply enhancing traditional fossil-fuel-based aviation technologies
has been deemed insufficient. Consequently, the exploration and
integration of alternative fuels has become a focal point in both
academic research and industry initiatives. The scope of current
academic inquiry spans a broad spectrum of renewable energy
sources, with particular emphasis on battery-electric, solar energy,
biomass-derived fuels, and, most notably, hydrogen. The aviation
industry’s move toward electrification, utilizing battery-based energy
sources, offers a promising path to further reduce environmental
impacts. However, the gravimetric energy density of batteries repre-
sents the primary challenge. For commuter aircraft applications to be
viable, pack-level specific energies need to exceed 1200-2000 W-b/
kg, which is several times higher than that of current leading lithium-
ion batteries [2]. Despite technological advancements, existing bat-
tery solutions have not yet met the specific energy density require-
ments crucial for lightweight components in electric aircraft. As a
result, projections suggest that battery-powered aircraft will become
practically viable for subregional travel by 2035 [3]. Building on the
concept of electrification, the integration of hydrogen fuel cells into
hybrid systems emerges as a highly promising development. This
approach combines the high energy density of hydrogen fuel cells
with the instantaneous power supply of batteries, aiming to address
the limitations of each technology when used in isolation. As pro-
posed by Adler and Martins, hybrid systems that leverage the unique
strengths of multiple power sources, including hydrogen fuel cells,
can significantly enhance efficiency, endurance, and other critical
performance metrics [4]. Such hybrid configurations, by synergisti-
cally combining different energy sources, present a robust solution to
overcome the challenges faced by single-source systems. The poten-
tial of hydrogen fuel cells, varying according to the technology
employed, underscores their pivotal role in advancing next-
generation aviation fuel systems [5].

Solar energy, despite its significant potential as delineated in the
study on technological development trends in solar-powered aircraft
systems [6], faces critical challenges. These include low energy
conversion efficiency and high costs associated with current tech-
nologies, which hinder its broader adoption and implementation in
aviation and other sectors. One critical challenge is its application in
commercial aviation; the current state of solar technology renders it
nearly impossible for solar energy alone to power commercial aircraft
due to constraints in energy conversion efficiency and the substantial
power requirements of larger planes. Biomass energy offers a carbon-
neutral alternative for fuel. Yet, its path from biomass to energy forms
like liquid hydrogen (LH,) is marked by complex, energy-heavy
processes. These challenges are compounded by environmental con-
cerns and high conversion costs. Moreover, as Wang et al. [7] discuss,
bio-aviation fuels face hurdles in technology development, certifi-
cation, and distribution. The energy-intensive nature of converting
lipids and carbohydrates from biomass into aviation fuel pinpoints
critical limitations: the high production costs and environmental
impacts. Hydrogen energy emerges as a promising candidate within
the renewable energy spectrum, noted for its high energy yield and
clean combustion. Nonetheless, the production, storage, and utiliza-
tion of hydrogen, as investigated by Nicolay et al. [8], encounter
significant technical and economic hurdles. The challenges include

the need for efficient and cost-effective production methods, safe and
compact storage solutions, and the development of infrastructure to
support widespread use.

Hydrogen, in particular, stands out due to its significant potential in
reducing greenhouse gas emissions, although it produces up to 2.5
times more water vapor than conventional kerosene propulsion sys-
tems. According to Owen etal. [ 1], the strategic adoption of hydrogen
and other alternative fuels could lead to a substantial decrease in CO,
emissions, ranging from 2 to 12% by 2050. Insights into the develop-
ment and challenges of integrating LH, fuel cell technology within
aircraft propulsion systems have seen significant breakthroughs.
Commercial applications of low-temperature proton-exchange mem-
brane fuel cells (LT-PEMFCs), as demonstrated by the aerospace
company Hypoint, sourced by [9], have already achieved 2 kW/kg
power density. Practical applications see areduction to 0.75-1 kW/kg
at the system level due to the added weight of auxiliary components
[9]. This context brings into focus the work by Abu Kasimet al. [10]:
a comprehensive design and analysis of a turbocharged Proton-
Exchange Membrane Fuel Cell Power System (PEM-FCPS) for
retrofitting the Cessna 208 Caravan aircraft. Powered by LH,, the
proposed system incorporates four Ballard PEMFC stacks, each
generating 140 kW, and is supported by two Garrett G25-550 turbo-
chargers to ensure performance consistency across varying altitudes,
achieving 43% efficiency and 28 kg/h hydrogen consumption over a
1.5 h flight (350 kim). Designed for emissions-free electricity, the
system demonstrated reliability with a failure rate below 1.6 per
million hours, comparable to commercial jet engines. This analysis
showcases the high potential of PEMFC in small and short-range
aircraft but emphasizes its limitations in high-range aircraft, which
need further investigation. The study also notably lacks a compre-
hensive emissions analysis and an assessment of the economic
implications of such conversions. These gaps underscore the neces-
sity for further research to fully understand the broader applicability,
environmental benefits, and cost-effectiveness of fuel cell technology
in aviation.

Alternative fuel feasibility studies align with the objectives of
industry demonstrators and manufacturers. Findings from Hypoint,
sourced from Massaro et al. [5], indicate that by 2025, a regional
aircraft capable of carrying 75 passengers over 800 nautical miles
could be viable using fuel cell technology at 3 kW/kg for PEMFC.
This would entail a2.21% increase in energy requirements and a 26%
increase in the maximum takeoff weight (MTOW) relative to tradi-
tional aircraft, showcasing the growth hydrogen fuel cells for aviation
are exhibiting. However, PEMFCs have shown efficiencies of greater
than 50%, although limited in comparison to efficiencies that solid
oxide fuel cell (SOFC) hybrids can achieve by recycling their high
temperatures. The investigation highlighted by Rupiper et al. [11]
into flame-assisted SOFCs, which are incorporated between two
combustion stages in a gas turbine, revealed a configuration that
eliminates the need for external heating or heat exchangers for the
SOFC, thus reducing startup times and yielding a 24.5% increase in
system efficiency over conventional gas turbine systems. Further,
Seitz et al. [12] explored a parallel hybrid architecture where the
SOFC system operates independently of the gas turbine cycle. This
setup, while powering separate propulsors or aircraft subsystems,
also leverages the water vapors produced by the SOFC to enhance the
efficiency of the gas turbine core, achieving up to a 62% reduction in
NO, emissions and a7.1% improvement in block fuel burn compared
to baseline engines. Moreover, Liu etal. [13] and Collins and Mclarty
[14] delved into the potential of turbo-electric hybrid systems com-
bining SOFCs, batteries, and turbine generators, demonstrating
potential system efficiencies of up to 65-75%. These observations
emphasize the significant potential of SOFC technology in surpass-
ing PEMFC by enhancing efficiency and minimizing the environ-
mental footprint of aviation propulsion systems. A primary challenge
in hybrid propulsion systems lies in the complex integration of
different energy conversion methods and propulsion architectures,
necessitating coordinated and compact thermal management strate-
gies. Additionally, SOFCs face operational challenges due to their
high-temperature requirements and material brittleness, as well as
design limitations that often restrict them to planar configurations,



which may not be optimal for all aircraft designs. The integration of
SOFCs into aircraft systems is considerably less explored and com-
mercialized compared to PEMFCs. This paper aims to explore the
potential and implications of incorporating SOFC technology into
aviation.

Hydrogen (H,) combustion and fuel-cell-powered electric pro-
pulsion have emerged as leading alternatives for reducing pollu-
tants, with their potential extensively studied in recent literature
[15]. The inherent characteristics of hydrogen, including its broad
availability and high volumetric energy density, position it as a
viable solution for carbon mitigation. Notably, H, combustion
primarily produces NO, and H,O, significantly reducing green-
house gas emissions. This technology encompasses hydrogen-
powered turbofans, turboprops, or propellers, which convert
chemical energy into mechanical energy through combustion.
Additionally, the electric powertrain, powered by a hydrogen SOFC
hybrid system, offers an alternative by providing the necessary
energy to operate electric propulsors such as electrified turbofans
and turboprops. The adoption of fuel cells in aviation is advanta-
geous due to their rapid refueling capabilities and enhanced effi-
ciency when utilized in conjunction with hydrogen fuel [16].

Several leading engine manufacturers, including Rolls Royce,
along with numerous startups, have initiated plans to showcase fuel
cell technologies and hydrogen combustion applications [15]. How-
ever, both H, combustion engines and SOFC hybrid systems neces-
sitate substantial tank capacities for storing cryocompressed or LH,
onboard, alongside more complex powertrains. Rivard et al. highlight
that LH, possesses a density of 71 kg/m? at 1 bar, although still
lower than conventional fuels, Moreover, advancements in storage
technology have enabled cryocompressed hydrogen to achieve den-
sities up to 81 kg/m?, presenting an even more efficient storage
option [17]. Despite these advancements, the cryogenic nature of
LH, complicates handling and necessitates careful selection of stor-
age vessels, such as vacuum insulated or Dewar flasks. Managing the
challenges associated with LH, includes addressing boil-off to align
with fuel consumption and developing effective thermal insulation
strategies to mitigate weight concerns [17]. Prewitz et al. further
elucidate the implications of LH,’s large storage requirements and
the associated power systems, which could potentially affect the
aircraft’s range and balance [18]. As such, a structured methodology
is imperative for evaluating the tradeoffs involved in adopting these
alternative fuels and power sources in contemporary aircraft designs.
In the realm of passenger aircraft, research has predominantly con-
centrated on the design and modeling of hydrogen-powered propul-
sion systems [15]. Despite this focus, a comprehensive comparison of
alternative fuel types within aircraft propulsion systems remains
scant, especially in terms of assessing the feasibility of substituting
kerosene with fuel cells and hydrogen. This gap underscores a

significant need for further research, as existing studies have mainly
addressed performance and range, often overlooking factors related
to usability and operational sustainability. Consequently, this study
advocates for an approach centered on retrofitting existing aircraft
with alternative fuel systems, as opposed to designing new aircraft
from scratch. Such a perspective aims to furnish a reliable evaluation
of the potential advantages offered by alternative fuels in modern
aviation.

Building upon the discussion of hydrogen’s potential and the
complexities of its integration into aviation, this study delineates a
comparative analysis framework. This framework evaluates conven-
tional kerosene-powered aircraft against aircraft retrofitted with H,
combustion systems and SOFC-powered alternatives. The retrofit-
ting process involves the design of LH, tanks and an SOFC power-
train tailored to the operational and feasibility requirements of
existing kerosene-powered aircraft. Given the nontrivial nature of
integrating hydrogen technologies, owing largely to the need for
larger tanks and powertrain modifications, this framework employs
alifecycle emissions assessment alongside a mission implementation
cost analysis. These tools facilitate a nuanced comparison of the
environmental and economic tradeoffs associated with the adoption
of hydrogen, fuel cell-hydrogen hybrids, and conventional power
sources. A case study focusing on a Cessna Citation 560XLS+ busi-
ness jet serves to illustrate the practical implications for emissions
reduction, contrail mitigation, and the assessment of performance
and feasibility tradeoffs. Notably, business jets, which contribute
0.04% to annual carbon emissions, emerge as prime candidates for
early adoption of zero-emission technologies. This is underscored by
findings that hydrogen-powered business jets could achieve up to a
349 net reduction in energy consumption [19,20], highlighting the
significant efficiency gains and emission reduction potential that
underpin the methodology explored in the subsequent sections.

II. Methodology to Assess Emissions and Performance
Tradeoffs 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. 1. The inputs to the
modeling framework include the aircraft characteristics, such as
empty and takeoff weights, overall efficiency, and lift-to-drag ratio.
In addition, the alternative fuel type is 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’s
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

A
! !
Tank Configuration Center of Gravity
R 1y Module: Module:
....................... ~ WtD L/D Geometrical Model Vt
hf h H'g{'.}t Wruer nm, Center of Gravity Analysis
;Lod:ﬂee —1 | Mechanical Model
Aircraft l Interior Layout l
iCharacteristics : Thermal Model
Fuel Type
Wrer Emissions Module: Environmental Impacts
Mission Module:
{ Emission Indices | Emissions® Tradeoffs
Atmospheric Power Plant > Lifecycle Assessment i bet\A{een :
Conditions P Greenhouse : altern.atx.ve fuel }
: Pa Tn Th Emissions Cost Analysis Comparison i emissions .
Contrails

Fig.1 Modeling framework of the methodology to assess emissions and performance tradeoffs for a retrofitted SOFC hybrid and H,-powered aircraft.



maodels the shape, insulation, and volume of an My cylindrical tank
{hat roects the power requirements defined by the weight of the [ucl.
The tank volume and mass are then outputted into the center of
gravity (CG) module. This module determines the CG change within
the flight envelope ol the aircraft by simultsncously placing the tanks
inthe interior layout. A tank sizing constraint is fed back into the tank
configuration modale if such CG requiremients are not feasible for the
samne number of passengers. 'The tank configuration module updates
the tank desipn, and the weight of the fuel is remodeled to account for
the weight of passenger removal, IF such changes eceur, cither a
refueling slop is required or & second flight of the same mission will
keep the number of passengers constant for the same range. Such
conscquences are accounted for in the lifecycle emissions and cost
modeling covered i detail in the following section,

Furthermore, the weight of the fuel, the mission atmespheric
conditions, and the power planl for cach altemative fuel type are
inputted into the cmissions module, Within this module, the emnis-
sions per segmenl are analyzed by their emission indexes, greenhouse
gas emissions, and confrails. Such segment emissions are then input-
ted into the environtental impact module, This module implements
the mentioned lifecycle assessment and cost analysis to output the
tradeofls between alternative Tuel power plants per mission. The
details of this framewaork are further discussed in the following
sections,

A, Tight Profile Module

The methodology presented in the previeus seclion consisls of a
buseline range mission profile to compare the aiternative fucl sounrces
with a baseline kerosene gas Wrbine combustion flight procedure. A
constant range approach analysis is implemented in oxder o design
an allernative fuel tank and power irain that satisfies ingulation, CG,
and power constraints. The Breguet range equation determines the
weight of the fuel required to fly the given mission for lhe baseline
and allernative fuel sources {211,

Hydrogen combustion would require some changes to the design
of the engines duc to the different pruperties of hydrogen, such as a
higher adiabatic lemperatare and faster lame speeds. Such changes
include a smaller cambustion chamber, the addition or modification
of u pump, supply pipes, control valves, heat exchunger, and furbine
system, as depicted in Fip. 2, which outlines a bydrogen-fueled
multistage gas turbine layout. The aforementioned hydrogen com-
hustion systern replaces the conventional wrbolan for he JI;-com-
hustton-powered aircrafl studied in this paper, portrayed in g, 3. In

To
Afterburner

—

31 Turhine
2™ Turbine

1% Turbine

‘amhustion Chamber
{eat Exchanger

Fig. 2 Hydrogen-fueled multistuge gas turhine configuration,

£ =

‘ombustion Chamber
0 Heat Exchanger

Fig. 3 Hydrogen vombusiion gas turhine.

addilion, o heat exchanger must also be added to heat the eryogenic
hydrogen liquid fuel before combustion [22]. Stefan et al.'s review
highlights key challenges for hydrogen combustion in avistion,
particularly the need for materials that withstand high temperatures
and hydrogen-indueed cotrosion, as found in hydrogen-fired pas
ehines. Stefan el al. emphasize the imporlance of developing
udvanced coatings and atloys, especially considering the farger tem-
perature pradients and increased steam content in hydrogen combns-
tion, which pose risks fo component durability and cfficiency. The
study also notes the necessity [or further researeh into hydrogen
embriltlement, particularly for parts made via additive manufaciuring
[231. These mulerial challenges [orm a crueial part of the overall
technological hurdies to integrating hydrogen combustion syslems
into aviution,

Cryopenic hydrogen tanks become very heavy depending on the
design purameters, stored pressure, temperature, and acceptable hoil-
ofl rates. Porunalely, lor airerall applications, less insulation is
required for short periods of Might al a relutively high hoil-olt rate,
The design choices of a number af tunks and siorage locations alfect
the final mass and volume of the hydrogen storage system. The high
gravimetic energy density ol hydrogen of 120 MI/kg is lavorable
stnce mass reduction is eritical during [light. Hydrogen needs 1o be
stored at its critical temperature and pressure of 3315 K and
1300 kPa. However, the main challenge in aviation lies in the mass
and volurne that such cryogenic lanks oceupy, Hydrogen density
vaities belween a low of 0.08375 kg/m? in gaseous form and a high of
&1 kp/m?* in cryocompressed liquid form [24). Such densities arc
low when compared to the densities of kerosene, which vary from a
low of 775 kg/m? to a high of 840 kg /in?,

Another alternative, the SOFC hybrid power plant configuration, is
evaluated lor a constant-range mission. Such an SOFC hybrid includes
a baticry and liquid Hy tanks w provide clectrical power wilh zero
emisstons. Proton excliange membrane fuel cells (PEMFC)and SOIIC
advantages include independent power and cnergy scaling at efficien-
cies up to 60%. Unfortunately, fuel cells lose efficiency with altitude
due 10 lower atmospheric pressare. Hence, For gircrall applications, a
hybrid SOIFC gas-turhine systern can converl fuel cell waste heat 1o
clectric power and pressurize a fuel cell, The overall power systens
efficiency has heen shown to provide slightly higher efliciencies in the
range of 10 209, approximaicly for a conventional aircraft. Wilson
et al. [25] present a thermodynamic model aimed al evaluating the
feasibility and performance of a high-performance SOFC/GT hybrid
power system tailored for cleetic aviation. Their findings highlight the
potential of such systems to achicve fuel-to-electricity conversion
efficiencies significantiy higher than those of conventional gas turbine
engines, thereby underscoring the importance of these hyhrid systems
in the pursuit of net zero emissions for the aviation sector, Challenges
remain, particularly in balancing plant design and integrating dynamie
simufalion capabilities, tw fully realize the poteatial of these lechnol-
ogies. The validation of their model against NASA’s SOFC mndel and
its application inconsuructing a | MW SOFC/GT hybrid power system
for aireraft propulsion demonstrate the feasibility of achieving effi-
ciencics greater than 75% under standard cruise conditions, pointing
toward the necessity of further research and development to address the
identilied challenges and enliance system reliabilily and lifespan [25].

In the retrofit model assumplions Tor the SOFC hybrid system,
which includes commponents such as a pas turbine, heat ecxchangers, a
compiessor, a generator, 2 battery, and an LH; tank, power assumnp-
tiens far the fuel cell, hutlery, and motor-specific densities arc based
on state-of-the-un [(SOA)Y technology cxpeeted 1o he commercially
available, Specifically, the SOFC exhibuts gravimetrie and volumet-
ric power densities of 2.5 kW/kp and 7.5 kW/L, respeetively [206].
These [fgures suggest that the SOFC hybrid, as designed, offers up to
five aned seven times higher gravimetric and volumetric power den-
silics than these found in commereially uvailable designs to date,
Advunced research indicates even higher specilic densilics for fuel
cells and motors, with findings pointing to 4.0 kW/kg for fuel cells
and 10 kWikg Tor mators [ 16, The SOFCs exit temperaluie is noted
o be 944°C, shuwcasing the potential of reeycling heat within the
system [25]. The baltery technology ulilized within this hybrid
system features a volumetrie enerpy density of 0.67 kWb, und a



gravimetric energy density of 0.35 kW-h/kg [14]. 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 [27]. The cycle efficiency of the
SOFC/GT system is conservatively assumed to be 70%, still indicat-
ing an improvement over conventional systems [14]. Lastly, the
inclusion of a cryocooler with a mass specific power of 3 kg/kW
further demonstrates the comprehensive approach taken to address
thermal management challenges within the system [28]. The gas
turbine’s power output is chosen as 538 kW to be aligned with the
SOFC’s capacity to ensure optimal integration and performance
efficiency within the hybrid system [27]. This assumption set shown
in Table 1 forms the basis for the SOFC hybrid power train.

The SOFC hybrid power train system consists of multiple compo-
nents, such as an electric motor, the SOFC, a generator, a pump, a
cryogenic tank, and other components seen in Fig. 4. The cryogenic
tank stores LLH, fuel that 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 exiting the turbine, and a fuel pump
increases the pressure of the hydrogen before it is fed into the anode
of the fuel cell. 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
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.

Tablel Power train for SOFC hybrid

Parameter Value

SOFC volumetric density, kW/kg 2.5 [26]
SOFC gravimetric density, kW/L 7.5 [26]
SOFC exit temperature, °C 944 [25]
Motor density, kW/kg 7.06 [16]
Battery volumetric density, (kW -h)/L  0.67 [14]

Battery gravimetric density, (kW - h)/kg 0.35 [14]
SOFC/GT cycle efficiency, % 70 [14]
GT volumetric density, kg/m? 8000 [27]
GT gravimetric density, kW/kg 4.4127]
Cryocooler mass specific power, kg/kW 3 [28]
Gas turbine power, kW 538 [27]

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 for heat energy available per
unit weight accounts for such changes within this module and results
in the fuel weight outputted into the tank module. A sample imple-
mentation of this methodology for both H, combustion and SOFC
hybrid system is performed on a business jet in Sec. I11.

B, 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. 5. The tank
module evaluates geometrical, material, and thermal models that
serve as feasible variables within the design space [29]. Such tank
modeling is governed by Egs. (1-9).

1. 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 [16]. To buffer pressure
variations due to hydrogen boil-off, an excess volume V;, 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
LH,, pry, as shown in Eq. (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 Eq. (2). Further, the mass of the filled capsule is
determined by Eq. (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 (4) deter-
mines the wall thickness of the cylindrical section, considering the
design pressure Py, the material’s tensile strength o,, and the
efficiency of the welding process, eq. This ensures that the tank
wall can withstand internal pressure 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 Eq. (5). This formula
takes into account the design pressure, the stress factor K, the material

-==- : electrical energy
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Fig.4 Power train SOFC hybrid for medinm-range and long-range aircraft designed for fuel cell hybrid.






the latent heat of vaporization (/1£,). The set of equations introduces a
more comprehensive approach to heat transfer analysis, taking into
account conduction (Qyuq), convection (Q.qny), and radiation (Q,.q)
heat transfers, represented in the total heat transfer equation (Qygta)-
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 ensur-
ing the thermal management system is designed with precision,
taking into account the necessary physical phenomena to maintain
the hydrogen in its desired state, and ensuring the safety, efficiency,
and effectiveness of the aircraft’s power system.
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C. Center of Gravity Module
1. Center of Gravity

A weight and balance analysis evaluates the feasibility of the tank
design outputted from the tank configuration module. The change in
CGlocation from the operational limits of the retrofitted conventional
kerosene-powered aircraft is modeled from an already existing FAA-
approved operational envelope found in [31]. The net change in CGis
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% mean aerodynamic chord (MAC) in the existing
weight and balance diagram, the change in CG is determined by the
shifted weight and potential moment arm [32]. 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 [33]. 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 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.

2. Interior Layout

Simultaneously within the CG 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
Sec. III to obtain the dimensions of the interior, the baggage compart-
ment, and the overall aircraft specifications for a Cessna Citation
560X1.S+. 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.

D. 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,0, while incomplete combustion produces CO, NO,,

SO,, and HC. In contrast, complete H, combustion is expected to
emit only H,O, with NO, as the primary byproduct during incom-
plete combustion, without the emissions of CO, HC, or SO,. The
analysis assumes minimal unburnt H, emissions due to the employ-
ment 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 [34], 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 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 [34]. While the
ideal scenario presents negligible H, emissions, practical implemen-
tations will require strategies for capturing or neutralizing any
unburnt H; to fully leverage the environmental benefits and maintain
safety standards [35]. The SOFC hybrid system, which also utilizes
H, as a fuel, is mainly associated with the emissions of H,O and NO,.
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 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 pro-
duces CO, NO,, SO, and HC. In contrast, complete H, combustion is
expected to emit only H,0, with NO, being the primary byproduct
during incomplete combustion, without the emissions of CO, HC, or
SO,. The analysis assumes minimal unbumt H, emissions due to the
employment of advanced H, management and combustion technolo-
gies, including 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 [34], indicating that
LFP combustors are effective in reducing unbumt fuel, thereby align-
ing 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-unbumt fuel efficiency posited for LFP configurations in
hydrogen combustion scenarios [34]. While the ideal scenario presents
negligible H, emissions, practical implementations will necessitate
strategies for capturing or neutralizing any unburnt H, to fuily leverage
the environmental benefits and maintain safety standards [35]. The
SOFC hybrid system, which also utilizes H, as fuel, is primarily
associated with the emissions of H,O and NO,. The detailed emission
profiles of these advanced propulsion systems will be further discussed
in subsequent sections, offering insights into their potential environ-
mental impacts.

1. Emission Indices

The International Civil Aviation Organization ICAO) Engine Emis-
sions Databank (EED) is employed to acquire the Emission Indices
(EI) for noncruise phases of flight for kerosene-powered aircraft. The
EI for incomplete combustion of HC and CO during cruise is averaged
at 0.4 and 0.6 g/kg, respectively, as reported by Wayson et al. [36].
Emissions of SO, are omitted in this analysis due to the absence of
corresponding data in the ICAO databank. The investigation concen-
trates on the principal emissions shared across the three technologies
under review. Typically, the EI for NO, ranges from 12 to 16 g/kg [36],
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 com-
bustion can vary significantly depending on the technology used for
emission mitigation. For instance, Therkelsen et al. [37] 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 combus-
tion properties. Conversely, advancements in emission reduction tech-
nologies 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 tech-
nologies such as water injection [18,38]. This illustrates the effective-
ness 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. [39]
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, emis-
sions were demonstrated, further supporting the argument for techno-
logical variability in hydrogen combustion outcomes [39]. Given the
vast variability in hydrogen combustion NO, emissions influenced by
technology and operational conditions, adopting a median Elyo_value
of 14 g/kg for comparative purposes across all technologies is ana-
lyzed, including the SOFC hybrid system. In this context, NO, emis-
sions 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 con-
sistent 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.

2. Emissions

The CO, and H,O emissions of kerosene are compared to the
retrofitted H, combustion and SOFC-hybrid-system-powered air-
craft. 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 2. The flight profile is
designed to optimize aircraft ground operations to reduce emissions
and local air quality impacts [40,41]. The thrust per engine is taken at
100% for takeoff, 85% for climb, 30% for approach, and 7% for
descent and idle, which matches the suggestions of the ICAQO stan-
dard landing and takeoff cycle regulations [42]. The time to climb and
descend is assumed to be 30 minutes. Although taxi/idle 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 shorter durations at less
congested airports and longer periods at major hubs. Thereby provid-
ing arealistic and rather conservative average for a broad spectrum of
flight operations. For the cruise portion of the flight, Eq. (11) models
the mass fuel burned to obtain the complete emissions of CO,, H,0,
CO, HC, and NO,. A sample of implementing this methodology for
modeling emissions is demonstrated in detail in Sec. IILA.

Table2 Assumed flight profile segments

Segment Duration, min Thrust, %
Takeoff 0.7 100
Climb 30 85
Descent 30 7
Approach 4 30
Taxi/idle 23 7

E, = m X EI(X) )

3. Contrails

The likelihood of contrail formation using kerosene, H, combus-
tion fuel, and an 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 [43]. 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 [43], which is modeled by Eq. (12):

P, EI(H,0)C , a;
G = a ( 2 ) pAIr (12)
6‘l—{ZOLHVfual(l - ﬂnvcmll)

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 [44]. The overall efficiency of the
aircraft is assumed to be 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 a
value is higher when compared to the conventional lower 43 Ml/kg
kerosene LH Vg, as shown in Sec. II1.A. However, an increase in the
mixing slope G arises from the higher EI of H,O when using LH,
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.

E. Environmental Impacts Module
1. Lifecycle Assessment

A complete lifecycle analysis (LCA) of CO, evaluates the envi-
ronmental effects of a conventional kerosene-powered aircraft, a
retrofit H, 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-
wheel (TTW), as shown in Fig. 7. Such LCA evaluates the conse-
quences of eliminating the dependency of aviation upon dwindling
crude oil resources, as well as the overall contribution of aviation to
the anthropogenic greenhouse effect [45]. 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 inten-
sity of jet fuel ranges from 85 to 95 g of CO,/MJ [46]. The
combustion of fuel contributes to a portion of 73 g of CO,./MJ,
while the rest is generated by transportation, processing, and the
refinement process [46]. The well-to-wheel (WTW) CO, emissions
for kerosene fuel are modeled at 84.5 g CO, ., /MJ with an 87% in
combustion emissions [46]. Finally, the complete lifecycle of kero-
sene 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 H, 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 emissions capture. More than 95% of
hydrogen produced today is produced using fossil fuels like natural
gas and coal [47]. 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 [47]. The LCA estimation utilizes
the Greenhouse Gases, Regulated Emissions, and Energy Use in
Technologies (GREET) model to estimate the transportation life-
cycle emissions via a mathematical framework that accounts for
various pollutants such as CO, [48]. In addition, green hydrogen
solar electrolysis is assumed to emit 41.29 g of CO, ., /MI for the full
lifecycle, as referenced by Al-Breiki and Bicer [48]. Similarly, the
gray hydrogen solar electrolysis full lifecycle is assumed to emit
75.6 g COy¢q/MJ, as sourced by [49]. The mentioned LCA model
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does not include the production or life expectancy of lithium-ion
batteries or 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 LCA 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 dis-
cussed in Sec. I1.D.

2. Cost Analysis

The change in fuel cost of implementing alternative fuel sources
for one constant-range flight profile is determined to further analyze
the tradeoffs 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
altemative fuel source. The cost of kerosene is determined by 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 H, combustion change
in fuel costs is estimated for both green and gray hydrogen. The cost
of production for green hydrogen (electrolysis) was set at 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. [S0]. The cost
liquefaction of both was set at 2.75 USD/kg, as suggested by Ghor-
bani et al. [51], while the cost of transportation was set at 5 USD/kg,
as referenced by Hoelzen et al. [52].

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. [53]. 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 pri-
oritizes 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 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. [54]. A 500 kW microturbine is assumed to have a
midrange market price of 900 dollars per kilowatt following the
California Distributed Energy Resources (DER) guide on micro-
turbines and resourced by Chua et al. [55]. The lithium-ion battery
cost is estimated to be 135 USD per kilowatt hour for the current year,
as resourced by Varbanov et al. [56].

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

The methodology developed in the previous section evaluates the
potential to lower emissions for a single flight by utilizing a retrofit
analysis. When compared to 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. [20]. There-
fore, a business jet is chosen for this study since it has the greatest
energy consumption reduction and the greatest potential to lower all
emissions, including water vapor emissions. As global demand for
private jet activity has risen by 7% in 2021, the implementation of the
aforementioned methodology on the Cessna Citation 560 XLS+
business jet presents a potential opportunity for carbon mitigation
[57]. A summary of key mission and performance specifications for
the mentioned aircraft is found in Table 3.

The methodology presented in Sec. 1I is utilized to model the
performance and emissions of the standard kerosene-powered
Cessna Citation 560XLS+ in order to compare the tradeoffs 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 shown in Sec. IL.A. Such weights are utilized
to design the tanks as stated in Sec. II.B and evaluated for feasibility
in the CG module, as shown in Sec. I1.C. A few passengers might be
omitted if tank-sizing volume constraints are required to power the

Table3 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/(N - h)
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Table8 CO, emissions for full lifecycle analysis of all configurations
(kg/passenger-km)

Gray  Green Gray Green
Path Case  Jet-A H, H, SOFC SOFC
Well-to-tank @i 0.0247 0257 0.140 0.138 0.0755
CO, (ii) 0.343  0.187 0.184 0.101
Tank-to-wheel (i) 0.162 0 0 0 0
CO, (i) 0 0 0 0
Well-to-wheel @i 0187 0257 0.140 0.138 0.0755
CO, (ii) 0.343  0.187 0.184 0.101

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 (i) models take an additional flight for the full
lifecycle of the retrofit H, 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 shown in
Table § also show the full lifecycle as a function of the hydrogen
sourcing production technique to compare emissions from both
sourcing gray and green. As shown in Table §, 86.8% of CO,
emissions for the kerosene-powered aircraft happen during the com-
bustion process in the TTW path of the fuel seen in Fig. 7 in
Sec. [1.LE.1. 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 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 H,-combustion-powered aircraft
shows an 83.42% increase in 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 con-
figurations, 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, trans-
portation, and storage, as shown in the WTT path in Fig. 7 in
Sec. ILE.1. These results highlight the nuanced environmental
impact of transitioning to alternative fuel sources in aviation, espe-
cially 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, opera-
tional factors such as the need for additional flights can offset these
environmental benefits, as evidenced by the increased emissions for
the gray retrofit H,-combustion-powered aircraft in case (ii).

However, case (i) shows a significant reduction in 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 H,-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 H,-combustion-powered aircraft show a 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 aviation sec-
tor’s carbon footprint. However, the increase in emissions for the gray
H, combustion aircraft underscores the challenges in selecting appro-
priate hydrogen sourcing methods. It reflects the necessity of con-
sidering 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 bene-
fits, their adoption must be coupled with sustainable production
methods to realize their full potential in reducing aviation’s environ-
mental impact.

To enhance the clarity in emission comparisons among different
configurations, we assessed the Global Warming Potential (GWP) in
terms of kg CO, . emissions per passenger-km. This assessment con-
siders GWP values over a 100 years derived from relevant literature
[59-61). 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 TTW kg CO,.q emissions were
calculated to be 0.177 kg CO, . /passenger-km for Jet-A aircraft,
0.0308 kg CO,q/passenger-km for single-flight H, combustion, and
0.0165 kg CO,/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 auspace, where the refer-
ence flight is conducted. The TTW emissions associated with hydrogen
fuel consumption exhibit significantly lower GWP across both con-
figurations when compared to the combustion of kerosene. Incorporat-
ing WTT CO, emissions, as detailed in Table 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,,/passenger-km.
Additionally, green SOFC technology presents a GWP of 0.092 kg
CO, ./ passenger-km,

The integration of SOFC in aviation, while promising for emis-
sions 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 [62,63]. Stationary
power systems are commercially available today with stacks that
exhibit very long lifetimes in the range of 40,000-70,000 h [64], but
for more highly dynamic and more rigorous transport application,
SOFC lifetime is expected to be 40005000 h after intense degrada-
tion [65,66], contrasting with the average lifespan of conventional
aircraft engines like the Pratt & Whitney Canada PW545C, which can
exceed 6000 h before an engine overhaul is required {33]. 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 [67]. This discrepancy in
lifespan necessitates 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 cell
performance. A 1% contamination by volume can decrease cell life-
span by up to 10% [68,69]. Moreover, fast temperature changes during
flight pose durability challenges. The thermal management of SOFC
systems, which must maintain a constant operating temperature for
maximum performance, may face difficulties as a result of this temper-
ature variation [70]. 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 per-
formance by distupting the electrolyte layer’s ability to conduct oxy-
gen 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, Further-
more, microcracks in the electrode layers reduce the active surface
area, further diminishing the cell’s electrochemical performance [71].
Thermal management also presents a substantial challenge. SOFCs
operate at high temperatures, necessitating advanced cooling systems



Table9 Total fuel cost per segment per passenger-km

Jet-A,$  GrayH, $ GreenH,, $§ SOFCH, gray,$ SOFC H, green, $

Segment Case
Takeoff (x107%) (i) 1.26 275
Climb (x10-3) @) 38.3 83.3
Cruise i) 70.6 160
Descent (X1073) (i) 3.15 6.86
Approach (x10-%) @) 2.16 471
Taxifidle (x10-3) i) 2.90 6.31
Entire flight (x1073) (i) 118 264
Entire flight (x1073) (i) 352
Total fuel cost for mission (i)  4,143.18  6,161.55
(i) 12,323.10

3.84 0.892 1.25
116 27.1 37.8
224 108 151
9.58 2.23 3.12
6.58 1.53 2.14
8.83 2.05 2.87
369 142 198
492 189 264
8,612.92 3,310.33 4,627.34
17,225.84 6,620.66 9,254.68

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 advance-
ments in SOFC technology and infrastructure to make them a feasible
option for aircraft applications [72].

Two cases were evaluated following the same approach as the
lifecycle emissions for cases (i) and (ii). From an economic perspec-
tive, significant changes in fuel costs per passenger-km result from
replacing kerosene with alternative fuel sources. In case (i), as shown
in Table 9, the fuel cost per passenger-km for gray H, combustion is
123.73% higher than kerosene, while green H, 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 (ii), where two flights are required to carry the same number
of passengers, the fuel costs per passenger-km change more signifi-
cantly. 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 (i). The SOFC hybrid configura-
tions 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 is 49,661.50 USD from the cryogenic tanks.
Additionally, when examining the “total fuel cost for mission” as
presented in Table 9, a significant economic implication emerges for
both cases. In case (i), the total fuel cost for alternative fuels ranges
from $3310.33 to $8612.92, with the green H, being the most
expensive, highlighting the premium associated with greener
options. Conversely, in case (ii), the total fuel cost escalates substan-
tially for the H, and SOFC configurations due to the requirement of
an additional flight, with costs ranging from $6620.66 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 con-
sidering both environmental and economic factors in the adoption of
alternative fuels in the aviation industry.

IV. Conclusions

The proposed methodology models the performance, emissions,
lifecycle, and costs of a retrofitted H, combustion and a retrofitted
SOFC-hybrid-powered aircraft. Such methodology consists of a
constant range and airframe analysis to design LH, fuel tanks that
satisfy insulation, sizing, CG, 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, com-
bustion 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
number of passengers per trip, carbon emissions are higher since
conventional kerosene combustion has the highest WTW CO, kg
emissions of 6546 kg per flight. However, for kg CO, per passenger-
km, gray H, combustion aircraft surprisingly result in the highest
WTW CO, emissions. Nevertheless, a great advantage for potential
carbon mitigation arises from utilizing hydrogen alternative fuels
since kerosene combustion also produces other greenhouse gas
emissions besides NO,, CO,, and H,O that all systems share. The
NO, emissions per passenger-km are highest in H, combustion air-
craft and lower in kerosene and SOFC hybrid aircraft, consecutively.
In terms of WIW CO, emissions per passenger-km, 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 H, combustion aircraft increases emissions by
37.43%. However, other greenhouse emissions must be evaluated
when comparing the SOFC hybrid to the H, combustion. H,O TTW
emissions are highest for the H, combustion aircraft and therefore have
a likelihood for contrail formation. Addressing contrail formation is
crucial given its radiative forcing impact, which is comparable in
magnitude to CO, emissions from kerosene combustion [73]. How-
ever, 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
for daytime airport and aircraft capacity, potentially escalating infra-
structure 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 strat-
egies are tailored to optimize both environmental impact and opera-
tional 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 H, 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 price with a 20.34% increase in fuel cost
per passenger-km due to the lower cost of gray hydrogen and the 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 tradeoff that aids carbon mitigation in the near future
at 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,
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cabin size, and engine types such as turbofan, turbojet, and turbo-
prop. 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 com-
prehensive retrofitting strategy. Our research, while detailed for the
Cessna Citation XL.S+, 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 range
(around 13 cubic meters and 2.3 MW, 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, nine-
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 alter-
native fuels. While alternative fuels like hydrogen and SOFC tech-
nologies 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 air-
craft categories and engine types, but its broader application requires
an assessment of these multifaceted variables.
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