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Abstract

The aviation sector faces growing pressure to reduce emissions, as global air travel continues to expand
and jet fuel demand rises. Alternatives such as sustainable aviation fuel (SAF), battery electric, and
hydrogen have emerged to reduce dependence on fossil fuels. While SAF offers partial emissions
reductions, and electric aviation remains constrained by battery weight and power limitations, hydrogen
presents a promising long-term solution. Hydrogen can be used to generate power via combustion or
fuel cells, offering the potential for zero carbon emissions. However, implementing hydrogen-based
aviation fuel faces challenges, particularly in establishing adequate infrastructure for cost-effective
hydrogen production and supply. In addition, it is costly to distribute hydrogen, and early adoption is
likely constrained by the availability of a reliable fuel supply chain. This study explores the feasibility
of achieving low-carbon hydrogen supply through on-site hydrogen production at airports, integrated
with renewable energy sources (RES) and the electrical grid, to increase hydrogen independence and
avoid long-distance hydrogen distribution. A mixed-integer linear programming (MILP) model is used
to determine the optimal component capacity configuration of the on-site hydrogen facility, considering
both economic and energy constraints. Under base-case techno-economic assumptions, an optimal
configuration results in an annualized total cost of US$22.7 M and a levelized cost of hydrogen (LCOH)
of US$7.45 per kg of liquid hydrogen (LH2). Sensitivity analyses reveal that the system’s economic
performance and operational patterns are significantly affected by variations in component unit costs
and efficiencies. Compared to a system powered solely by RES, integrating grid electricity improves
both economic viability and energy efficiency. Simulations using projected parameters for 2050
demonstrate the potential for reducing LCOH reduction while increasing RES utilization. Additionally,
life cycle assessment (LCA) of the renewable-based hydrogen infrastructure reveals carbon intensities
(CI) between 1.47 and 4.17 kg CO2-eq/kg LH2, which are 3 to 8 times lower than that of fossil jet fuel,
highlighting the environmental benefits of renewable hydrogen. The highest emissions are found to be
associated with manufacturing RES and storage components due to the use of fossil fuel in material
processing. Results also show trade-offs between economic and environmental performance of
renewable hydrogen infrastructure in airports: Wind turbine (WT)-powered configuration offer
stronger environmental benefits at a higher cost. This underscores the importance of balancing cost and

emission reduction in onsite hydrogen infrastructure design for airports.
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Chapter 1 Background and Literature Review

1.1 Hydrogen in Aviation

1.1.1 Alternative Aviation Fuel

The aviation industry has experienced consistent growth, with the number of global air passengers reaching
4.6 billion in 2019 [1]. This rapid expansion has inflicted significantly energy consumption, e.g., the US
commercial airlines using an estimated 18.2 billion gallons of jet fuel in 2019 alone [2]. Kerosene-based
jet fuel is derived primarily from fossil fuels like crude oil. In 2019, the US petroleum product supply
averaged around 17.3 million barrels per day, of which daily jet fuel supply accounted for around 10%, or
1.74 million barrels per day [3]. This rising demand for jet fuel accelerates the depletion of finite fossil fuel
resources and raises concerns about emissions. In 2019, the global aviation sector produced approximately
1.02 Gt of CO, emissions[4], which accounted for about 3% of total global CO, emissions (i.e., 33.3 Gt
[5]). Besides CO,, NOy from jet engines is another significant aviation-related emission. The high-
temperature combustion of kerosene produces NOy, which is released into the stratosphere where it
accelerates the depletion of both tropospheric and stratospheric ozone, while also contributing to the
formation of acid rain and smog [6]. These environmental concerns, along with the growing reliance on
non-renewable energy sources, highlight the need for alternative fuels to replace fossil jet fuel, with notable

options including SAF, battery electric, solar electric, and hydrogen [7].

Among these options, SAF is one of the most established alternatives, with several technologies available
and some already commercialized. SAF is produced by synthesizing kerosene from carbon-based biomass
such as carbohydrate-based feedstocks (e.g., algae biomass, sugarcane), lignocellulosic feedstocks (e.g.,
forestry waste, straw), and oil-based feedstocks (e.g., used cooking oil, animal fat, food waste) [7], [8]. The
renewable nature of these feedstocks allows SAF to replace depleting fossil resources like oil and gas.
Hydroprocessed esters and fatty acids (HEFA) are a well-established and commercialized process that
converts oil-based feedstocks into hydrocarbon fuels through deoxygenation and hydrotreating [9], [10],
[11]. Other methods that are close to commercial readiness include the Fischer—Tropsch (FT) process,
which converts synthesis gas from feedstock gasification into hydrocarbon fuels, and the alcohol-to-jet
(AT]J) pathway, which converts alcohol from fermented carbohydrate-based feedstocks into jet-fuel-grade
kerosene [10]. There are also technologies at lower technology readiness level and under research including
direct sugars to hydrocarbons (DSHC) and aqueous phase reforming (APR) [10]. Although SAF still emits
CO: during flight, bio-feedstocks, such as algae and sugarcane, absorb CO. during growth, offering the
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potential towards net-zero emissions over the fuel’s life cycle [9]. Life cycle assessments of International
Civil Aviation Organization (ICAO)-eligible SAFs have shown 26% to 94% reductions in life cycle CO:
emissions, and a report by the Royal Netherlands Aerospace Centre (NLR) estimates that SAF use in Europe
could cut aviation CO: emissions by up to 46% by 2050 [10].

Battery electric technology has been widely researched for aviation, as using green electricity reduces fossil
fuel demand. Battery-electric aircraft use battery packs and electric motors, with the motor drawing
electricity from the battery to drive the propeller and propel the aircraft [12]. Research has also explored
hybrid electric aircraft to improve fuel efficiency and reduce emissions [12]. However, electric aviation
remains at the proof-of-concept stage, e.g., projects like NASA’s Maxwell and Eviation’s Alice [13], [14].
Major challenges include the heavy weight of batteries, which have much lower energy density than
kerosene (0.35 kWh/kg vs. 12 kWh/kg) [7]. Even with emerging Li-S or Li-Air batteries reaching 1 to 3.5
kWh/kg [7], [15], electric aircraft would still be heavy, reducing the paid-load or range. Another limitation
is the low power of current electric aviation motors. For example, the state-of-the-art motor developed by
Airbus for the E-FAN X project produces 2 MW [16], whereas a turbofan engine for a wide-body aircraft
like the A330 generates around 40 MW [12], which is 20 times more power. Although fully electric aircraft
powered by green electricity could achieve true zero emissions during flight, the NLR report estimates that
electric and hybrid aircraft, combined with novel jet fuels, would only reduce EU aviation emissions by

17% by 2050 due to limited deployment scenarios [10].

Hydrogen alternatives are still in the early stages of research for aviation, although the concept of hydrogen-
powered airplanes has existed since the latter half of the last century. The US experimented with the Air
Force’s B-57 hydrogen demonstrator in 1957, and the Soviets tested hydrogen combustion propulsion with
a Tupolev TU-155 test plane in 1988 [17]. Research into hydrogen aviation has re-emerged in recent years
as advancements in electrolyzers and renewable electricity technologies increase the feasibility of green
hydrogen [18]. Notably, Airbus announced its ZeroE Program in 2020, aiming to introduce a hydrogen-
powered airliner with a range of approximately 1,800 km and a capacity of 100 passengers by 2035 [19].
In 2021, De Havilland Canada signed a memorandum of understanding (MOU) with hydrogen aircraft
engine developer ZeroAvia to develop a hydrogen powertrain for the DH-8 series airliner [20]. In general,
there are two ways to use hydrogen as an aviation fuel: combustion and fuel cells. Hydrogen can replace
kerosene in gas turbine engines [17], [21]. On the other hand, hydrogen fuel cells can generate electricity
to drive the motor to power the propeller in aircrafts [17], [21]. Both approaches offer carbon-free

operations, producing water as the primary byproduct [17], [21]. While fuel cells provide zero emissions,
2



combustion engines fueled by hydrogen still produce NOy due to high combustion temperatures [17], [21].
According to the NLR report, increasing adoption of hydrogen fuel is expected to reduce carbon emissions

in the aviation sector by over 21% by 2050 [10].

1.1.2 Hydrogen Production

Steam reforming (SR) is a widely used method for hydrogen production that involves a catalytic reaction
with nickel-based catalysts at high temperatures ranging from 800 to 900 °C, using light hydrocarbon fuels
such as methane, ethane, propane, and naphtha [22], [23]. The most commonly used fuel in SR is methane,
which is known as steam methane reforming (SMR), while research has also suggested the use of syngas
derived from biomass gasification as a feedstock for the SR process, making it a more sustainable option
based on renewable sources [22], [24]. The process consists of two main stages: syngas generation through
reforming and carbon monoxide conversion via the water-gas shift (WGS) reaction [22], [23]. To achieve
higher hydrogen purity, an additional purification stage is often included, typically involving CO- removal
through adsorption techniques [22]. While SMR is economically favorable and well-suited for large-scale
hydrogen production, it generates significant CO: emissions due to its reliance on fossil fuels.
Consequently, integrating carbon capture and storage (CCS) technologies with SMR has become a major
research focus, as it can reduce greenhouse gas emissions, albeit the process introduces additional energy

consumption [22], [25].

Partial oxidation (POX) is an exothermic process in which hydrocarbons such as methane, naphtha, or
heavier fuels like residual oil and coal react with pure oxygen to produce hydrogen and carbon oxides [22].
The POX of coal is also commonly referred to as coal gasification (CG), which is widely adopted in
countries with abundant coal resources, such as China [23]. Since the reaction releases heat, it does not
require external heating sources, making it relatively energy efficient. POX can operate in two modes: the
catalytic process, which typically runs at around 950 °C and uses lighter feedstocks like methane, and the
non-catalytic process, which operates at 1150—1315 °C and is suitable for heavier hydrocarbons [23]. While
POX is reported to have higher tolerance to sulfur impurities and is more appropriate for feedstocks with
lower hydrogen-to-carbon ratios, it requires pure oxygen instead of air, as nitrogen in air increases the cost
of downstream gas separation [22]. Overall, the POX method is capital-intensive due to the costs of oxygen
production and desulfurization, and it is less commonly used than SR because of its lower hydrogen yield

and high initial investment [22], [23].



The use of SR and POX has enabled cost-effective and large-scale hydrogen production from fossil fuels
but comes with significant CO: emissions. The growing demand for clean and sustainable energy highlights
the need for cleaner hydrogen production methods. Water-splitting technologies have the potential to offer
a more environmentally friendly alternative compared to SR and POX. Electrolysis is a well-known and
effective water splitting method that decomposes water into hydrogen and oxygen using electrical energy
[23]. There are many electrolyzer technologies available, with three of the most researched being alkaline
electrolysis, proton exchange membrane (PEM) electrolysis, and solid oxide electrolyzer cell (SOEC) [18],
[22], [23]. Among these, SOEC is the most recent, emerging in the 1980s, which is a high-temperature
technology that uses both electricity and heat to efficiently produce hydrogen by splitting steam at 500—
1000°C, reducing electrical energy needs [18]. It employs an yttria-stabilized zirconia electrolyte with
oxygen ions as charge carriers, differing from other electrolysis methods [18], [23]. While promising for
large-scale hydrogen production, SOEC has a limited commercial presence, with challenges in material

durability due to harsh operating conditions [18].

Alkaline and PEM electrolyzers are the most commercially mature technologies for hydrogen production.
Alkaline electrolyzers (AEL), developed over a century ago, are widely used due to their low cost, non-
noble metal catalysts, and long operational life [18]. AEL operates with electrodes submerged in a
concentrated alkaline solution, using a porous diaphragm to separate gases and transport hydroxide ions
[18]. However, AEL faces limitations such as low load flexibility, limited current density, and low-pressure
operation [18], [23]. Despite these drawbacks, it remains a dominant and cost-effective option for large-

scale hydrogen production [23].

PEM electrolyzers offer several advantages over traditional alkaline systems, including higher current
densities, faster dynamic response, wider partial load range, and higher hydrogen purity, making them well-
suited for integration with RES (RES) [18]. Operating in an acidic environment with a solid polymer
membrane, PEM systems use protons as charge carriers and allow for compact, efficient designs [18].
However, they rely on expensive noble metal catalysts such as platinum and iridium and face challenges
with shorter lifespans due to membrane degradation [18]. To improve cost-effectiveness and durability,
ongoing research focuses on alternative materials like nanofiber membranes and non-noble metal catalysts,
aiming to enhance PEM electrolysis performance and accelerate its commercial viability for large-scale

hydrogen production [18], [23].



Other emerging electrolysis technologies are also under development, aiming to provide more cost-effective
solutions for clean hydrogen production. Among them is anion exchange membrane (AEM) electrolysis,
which combines features of both AEL and PEM, using a solid polymer electrolyte to separate the electrodes
and operate under alkaline conditions [26]. Compared to PEM, AEM has the potential to offer lower capital
costs, as it does not require precious metal catalysts [26]. It has also been reported that AEM can operate
using low-concentration alkaline solutions, which are less corrosive than the concentrated KOH used in
AEL, provide additional safety in operation [26]. Despite these advantages, the technology readiness level
of AEM is less mature than that of PEM or AEL, with challenges such as low ionic conductivity and poor
catalyst stability [26], [27].

Another known water splitting method is thermolysis, which involves extremely high temperatures of over
2500 °C to split water into hydrogen and oxygen, making it impractical with sustainable energy sources
due to cost and material challenges [22]. To address this, thermochemical water-splitting cycles have been
developed as a more feasible alternative, using a series of chemical reactions to produce hydrogen at lower
temperatures (typically above 550 °C) [23]. These cycles can be powered by solar or nuclear heat, with
systems like the S-I (sulfur—iodine) and Cu—Cl (copper—chlorine) cycles among the most promising due to
their relatively lower temperature requirements and lack of greenhouse gas emissions [23]. Currently the
method is not used at a large scale, with challenges in material degradation from the high process

temperature as well as other design challenges in solar energy integration and process control [23].

Apart from thermolysis, other emerging technologies are also hot research topics aimed at providing cleaner
and more efficient methods for hydrogen production. Pyrolysis is an emerging technology for producing
hydrogen from hydrocarbon fuels, with methane being the most favorable feedstock [22], [23]. Unlike SR,
pyrolysis involves only hydrocarbons in the process, where the fuel is thermally decomposed into solid
carbon and hydrogen at high temperatures [22]. Compared to SMR, methane pyrolysis is reported to require
less energy per unit of hydrogen produced [22]. Since the byproduct is solid carbon rather than CO-, the
process does not require a CCS stage, making it both less energy-intensive and potentially cleaner.
However, pyrolysis has not yet been adopted at large scale due to technical challenges, particularly in

separating and purifying the hydrogen product [23].

Autothermal reforming (ATR) is another emerging method that integrates the benefits of POX and steam
reforming in a single reactor by using the heat from partial oxidation to drive the endothermic steam

reforming reaction, maintaining thermal equilibrium within the system [22]. It requires the use of both



steam and air. ATR is still in the developmental stage and not yet commercially deployed on a large scale

as research continues in the exploration of reactor designs and catalyst optimization [22].

The use of bioconversion is also among the emerging technologies, which involves using microorganisms
to synthesize hydrogen through biochemical processes [23]. Typical methods of bioconversion include
biophotolysis and fermentation [23]. The bioconversion processes are promising due to their
environmentally friendly nature, however, these methods have proven difficult to scale up due to the limited

yield of hydrogen [23].

1.1.3 Hydrogen Storage for Aviation

Although still at the proof-of-concept stage, hydrogen propulsion has great potential in aviation due to
several advantages over kerosene and other alternative fuels. One advantage is hydrogen’s high energy
density by weight, approximately 33 kWh/kg [21], [28]. This is not only significantly higher than the
prospective battery energy density (3.3 kWh/kg for a theoretical Li-Air battery [15]) but also higher than
kerosene (12 kWh/kg) [21], [28]. This allows hydrogen-powered airplanes to carry less fuel by weight to
cover the same trips as their kerosene counterparts. Yet hydrogen-powered aviation still faces significant
challenges with fuel storage for both on board and at the airport. While hydrogen’s gravimetric energy
density (33 kWh/kg) is higher than that of kerosene (12 kWh/kg), its volumetric energy density is quite
low. The volumetric energy density of hydrogen is 2.4 kWh/L at a liquid state [21], [28], much lower than
kerosene’s 10.4 kWh/L [21], [28]. In other words, LH2 requires a storage volume which is about five times
that of kerosene to store the same amount of energy on board. The volumetric energy density of compressed
hydrogen gas is even lower, at around 1.4 kWh/L at 700 bar [28]. This poses challenges for designing
onboard storage systems for hydrogen fuel. To minimize onboard fuel storage size, research suggests that

hydrogen should be stored in its liquid state on board for aviation [17].

The low volumetric density creates design challenges, as larger storage systems must be incorporated into
fuselage. Current aircraft designs store fuel in the wings, but LH2’s volume requirements require alternative
storage locations. Some proposed designs suggest replacing some valuable cargo space for hydrogen
storage, while more innovative concepts consider blended-wing fuselages for the new fuel type [17]. LH2
storage also brings material and safety challenges. Known as a cryogenic fuel due to its extremely low
boiling point (20 K) [29], LH2 requires specially designed tanks made from materials capable of
withstanding these temperatures. These storage systems tend to be very heavy with current materials and

designs, potentially offsetting hydrogen’s gravimetric energy density advantage [21]. Although LH2 has
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safety advantages over kerosene, such as a low flammability limit and high auto-ignition temperature, its
cryogenic properties require careful safety measures [7], [29]. Under cryogenic conditions, LH2 is
extremely volatile and has a high boil-off rate, which can cause overpressure if not properly managed [7],
[29]. Consequently, boil-off handling procedures must be part of the storage system, increasing its weight

and complexity.

At the terminal, hydrogen can be stored in its gaseous state in either aboveground or underground storage.
Aboveground gaseous hydrogen (GH2) storage uses compressed hydrogen tanks with pressures ranging
from 200 to 700 bar to optimize storage density [30], [31]. Underground GH2 storage utilizes salt caverns
or rock caverns, with storage pressures ranging from 100 to 200 bar [32], [33]. The storage of LH2 utilizes
cryogenic tanks with optimized geometric design and insulation to maintain storage conditions without
requiring additional energy input for refrigeration. A spherical tank shape is considered optimal for
cryogenic storage due to its minimal surface area for heat transfer [34]. Cryogenic tanks also feature double-
to triple-layered spaced-wall construction with additional heat-shielding materials to minimize various

forms of heat transfer [34], though boil-off still occurs overtime[35].

1.1.4 Hydrogen Refueling

Hydrogen refueling technology has also been extensively researched, particularly in the context of road
vehicles[36], [37]. There are two types of refueling strategies: on-site and off-site refueling stations. On-
site refueling stations include hydrogen generation facilities alongside refueling dispensers. Common
technologies for on-site hydrogen generation include water electrolysis and steam methane reforming
(SMR) [37]. Water electrolysis can utilize renewable electricity generated nearby or on-site, enabling
greener hydrogen production [37]. In contrast, off-site refueling stations operate similarly to traditional

gasoline stations, with hydrogen transported from production sites [36], [37].

Early investigations into hydrogen refueling systems for aviation date back to the late 1970s, when several
research works conducted by NASA and Lockheed Martin [38], [39], [40] on the technical assessment for
hydrogen aircraft operation and refueling facilities design in airports. These works provided technical
details on airport hydrogen facilities and hydrogen aircraft designs regarding the available technologies at
the time [38], [39], [40]. Later in the 1980s, Jones et al. modeled the technical details of LH2 pipeline for
airport distribution [9]. Recently, a renewed interest in hydrogen-based aviation has led to more detailed
analyses on hydrogen infrastructure in airports, not only focusing on the technical assessments of system

components but also analyzing the environmental and economic aspects of the topic. Sefain from Cranefield
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University provided a comprehensive study on hydrogen aviation, including aircraft certification, ground
operations, LH2 fuel production and operation economic analysis [42]. Janic outlined the production and
distribution requirements for hydrogen based commercial air transportation along with a model to evaluate
the greenhouse gas (GHG) emission of hydrogen air transportation [43]. The feasibility of introducing
hydrogen airplane into airport traffic was provided by Haglind et al [44], who estimated the fuel demand
of hydrogen aviation in Sweden and evaluated the pathways of producing hydrogen, including water
electrolysis, steam methane reforming (SMR) and biomass gasification. Fusaro et al. assessed the
economics, and environment impacts for hydrogen-based hypersonic aviation [45], and evaluated the cost
of hydrogen production and liquefaction for hypersonic aircraft. Their study suggested that the
environmental impact of hydrogen production using electricity from fossil fuel is worse than that from SMR
[45]. A study by Mangold et al. designed and analyzed the refueling procedure of hydrogen aircraft during
turnaround [46], and reported that LH2 fuel has the advantage in shorter fueling time at large quantities
compared to kerosene fuel. A detailed techno-economic assessment of hydrogen infrastructure in airport is
provided by Holzen et al [47]. They developed a mixed-integer linear (MILP) model which provides
economic optimization and topology for LH2 facilities in the airport [47]. Their work assessed the demand
scenarios for various airport capacities and suggested that airports with annual demand over 100 kt LH2
has the potential to take the role of special H, hub in its region [47]. Currently, the existing literature on
hydrogen airports has already addressed various aspects of hydrogen-powered aviation. Numerous studies
have investigated the technical feasibility and environmental impact of implementing hydrogen
technologies in aviation. Recent research has also assessed the techno-economic feasibility of hydrogen
airport designs, primarily focusing on high-demand scenarios with significant market penetration of

hydrogen aircraft in the aviation industry [35], [47].

1.1.5 Hydrogen Supply for Aviation

Hydrogen can be distributed in various ways. A frequently suggested method is road transport, where
hydrogen is delivered via compressed tube trailers in gaseous form or liquid tankers in liquid form [36].
The payload size of both gaseous and LH2 transport is limited by its low volumetric energy density [36].
For gaseous hydrogen (GH2), transport pressures typically do not exceed 50 MPa, with an expected delivery
amount of approximately 1,000 kg per trip. LH2, due to its higher energy density, allows for a delivery
quantity up to four times greater than GH2 [36], [37]. However, satisfying the large fuel demand of an
airport with road transport alone is challenging. Pipeline transport, offering larger delivery quantities and

lower delivery pressures compared to road transport, is another commonly mentioned method [36], [37].
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Pipeline transport also has lower operating costs once infrastructure is established [36], [37]. However, the
high initial cost of building hydrogen pipelines hinders their expansion. To address this issue, researchers
have suggested using existing natural gas pipelines for hydrogen distribution by mixing hydrogen and
natural gas during operation [48]. Novel delivery methods have also emerged for hydrogen transport,

including liquid organic carriers, metal hydrides, and hydrogen-to-ammonia systems [36], [37].

The hydrogen supply chain has therefore been studied to search for the optimized geographical location of
production site and distribution method of hydrogen for industrial or refueling purposes [49], [50], [51],
[52]. The levelized cost of hydrogen delivery is an important concept for hydrogen applications, as the
distribution cost can range from US$2.73/kg to US$8.02/kg across different scenarios [53], which is similar
to the production cost of electrolytic hydrogen [54]. Additionally, researchers have examined the
optimization of hydrogen supply to airports produced from RES [35], [55]. For hydrogen use in the airport,
a recent work by Holzen et al. modeled hydrogen supply chain pathways to airport using a non-linear
optimization model [35]. Their work analyzed different pathways including on-site generation and off-site
production of hydrogen using RES. The work reported that the cost of transporting off-site LH2 to airports
can be more than US$2.5/kg and the cost of GH2 transport with pipeline can be more than US$4/kg at a
low annual LH2 demand of less than 100 kt. With a very high demand of over 1000 kt annually, the
transporting cost of both LH2 and GH2 can be reduced to less than US$1/kg. Robles et. al designed and
analyzed the hydrogen supply chain for an airport ecosystem [55]. Their work uses MILP models to find
the optimal design minimizing hydrogen cost and CO, emissions for the hydrogen-based airport ecosystem
in the Hautes-Pyrénées region. Results reported a delivered hydrogen cost of over US$20/kg in 2020 across
different scenarios, which will reduce to less than US$4/kg by 2050. Cybulsky adopted a different approach,
conducting a techno-economic study on a large-scale aviation hydrogen supply chain set in Europe in 2040
using a decision optimization method, and reported an average LCOH of up to 2 €/kg across different
scenarios [56]. Another study by Alexandrou and Khatiwada, which focused on aviation hydrogen supply
chains in the French region, reported LCOHs in 2025 of 13.10 €/kg H- for pipeline delivery and 10.92 €/kg
H: for trailer truck delivery, with delivery costs accounting for 3.35 €/kg Hz and 0.47 €/kg Ha, respectively
[57].

The above studies all assumed a high hydrogen aircraft adoption rate with regular hydrogen refueling needs.
Yet in the early-stage implementation of hydrogen-powered commercial aviation or small airports with
limited-service regions and specific aircraft models, different combinations of hydrogen production and

storage capacity may be required and the operation in a small-scale hydrogen infrastructure with a limited
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demand can be different from that on a large-scale. In addition, modeling hydrogen infrastructure in airports
requires detailed specifications of the supporting systems for hydrogen production, storage and refueling.
Yet during the initial design stage, a lack of infrastructure information is anticipated to hinder the hydrogen
supply chain to airports, and several studies have shown that the cost of establishing supply infrastructure
will be significantly high [35], [53]. More recently, Schenke et al. used linear optimization to model LH2
infrastructure for the early phase of hydrogen-powered aviation, focusing on suitable hydrogen supply
routes for airports with low aircraft traffic [58]. They found on-site LH2 production to be cost-effective for
small demands and suggest regional airport as promising first movers due to lower space constraints and
proximity to renewable resources or other hydrogen users [58]. Another recent study by Rezaei et al.
examined a similar system set in the LAX (Los Angeles International Airport) area, using only RES to
supply the on-site hydrogen production systems, and reported an LCOH of up to US$7.10/kg Ha in 2030,
with the value projected to decrease to US$3.78/kg H: by 2050 [59]. Consequently, it is likely that airports
will need to rely on self-sufficient hydrogen production on-site to address the limited supply chain at an
early-adoption stage. This is like a microgrid, where hydrogen has been studied as an energy storage
medium [60], [61], [62] or as a locally produced fuel for fuel cell electric vehicles (FCEV) refueling [63],
[64], [65]. The former works mainly focused on the optimization of system component capacities or the
optimized energy management strategies between the RES and different storage mediums. The latter works
aimed to find the optimal size of hydrogen production system, especially the electrolyzer, to satisfy the

demand of road vehicles refueling while minimizing the levelized cost of hydrogen at the dispenser.

1.2 Life Cycle Assessment

Life cycle assessment (LCA) is a widely used methodology for assessing and comparing the environmental
impacts of products by evaluating their entire life cycle, encompassing all stages from raw material
extraction, manufacturing, service, and operation to end-of-life disposal. The LCA approach is guided by
the principles outlined in ISO 14044 standards, which define the four key phases: goal and scope definition,

inventory analysis, impact assessment, and interpretation [66].

A growing number of LCA studies aimed at evaluating the environmental impacts of adopting hydrogen-
based technologies. Numerous studies have been conducted to compare the life cycle impacts of various
hydrogen production methods. Cetinkaya et al. conducted an LCA of hydrogen vehicle fuel produced via
several pathways, including SMR, coal gasification, thermal water splitting, and electrolysis [67]. They

found that electrolysis powered by RES, such as wind and solar, offers significant advantages in terms of
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GWP per kilogram of hydrogen produced, albeit at the time, its daily production capacity is limited
compared to fossil fuel-based methods [67]. Similarly, Dufour et al. analyzed multiple hydrogen production
methods, assessing GWP, renewability, and exergy efficiency [68]. Their study found that electrolysis
powered by grid electricity has a much higher GWP and performs worse in renewability and exergy
efficiency compared to other methods, including SMR with carbon capture [68]. A more recent study by
Al-Qahtani et al. evaluated the life cycle impacts of ten hydrogen production pathways, including emerging
technologies such as methane pyrolysis, biomass gasification, and PEM electrolysis [69]. By monetizing
environmental impact indicators and incorporating them into the total cost, the study found that solar PV-
based electrolysis, along with biomass and coal gasification, was among the most expensive technologies
due to high capital investment and emission-related costs [69]. Hermesmann and Miiller conducted an LCA
comparing PEM electrolysis with fossil-based hydrogen production methods across various European
locations and technological scenarios [70]. Their results suggest that while PEM electrolysis may become
the most environmentally favorable method, its performance is highly sensitive to the electricity mix used

in the grid [70].

As electrolysis technologies have become more mature and commercialized over the years, researchers
have focused LCA studies on different types of electrolysis technologies. Bareif3 et al. performed an LCA
of hydrogen production using PEM electrolysis under various energy scenarios and load conditions,
showing that integrating PEM electrolysis into energy systems can reduce GWP by at least 30% compared
to conventional SMR [71]. Gerloff conducted a comparative LCA on three major electrolysis technologies:
alkaline electrolysis, PEM electrolysis, and SOEC, under present and future energy supply scenarios [72].
His assessment found that SOEC has the best environmental performance under fossil dominant energy
supply, while PEM electrolysis becomes more favorable as the share of RES increases [72]. A recent study
by Iyer et al. also compared the environmental performance of the three major electrolysis technologies
under scenarios based in the United States. Their results suggest that PEM electrolysis shows the lowest

emissions in stack manufacturing, while SOEC performs best when powered by nuclear energy [73].

Several researchers have also focused their LCA on renewable-based hydrogen production systems.
Ghandehariun and Kumar analyzed the life cycle GHG emissions of a wind-powered alkaline electrolysis
system in western Canada and reported a 94% reduction in GHG emissions compared to SMR [74].
Burkhardt et al. conducted an LCA on wind-based alkaline electrolysis under a hydrogen FCEV refueling
scenario and found that emissions from the storage system of a hydrogen refueling station can account for

up to 27% of total life cycle emissions, which is higher than the emissions from electrolyzer manufacturing
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[75]. Their study also suggests that operating the electrolyzer at a higher load can lead to lower GHG
emissions [75]. Zhang et al. assessed the life cycle impacts of PEM electrolysis and S-I thermal water
splitting powered by PV and photothermal (PT) energy sources [76]. They concluded that PEM electrolysis
with PV-based supply has the worst environmental performance among the scenarios studied, primarily

due to emissions from PV panel construction [76].

Some researchers have coupled LCA with techno-economic studies of green hydrogen systems. Garcia and
Oliva conducted a techno-economic study alongside an LCA of Chilean hydrogen production systems
powered by both PV and WT, and showed that locations with a greater share of wind energy achieve the
lowest life cycle emissions [77]. Al-Ghussain et al. integrated their techno-economic analysis with life cycle
emission assessment by formulating a multi-objective optimization that minimizes both the production cost
and carbon intensity of a green hydrogen system in California [78]. Their optimized results across different
geographic locations suggest that wind-based systems produce consistently low emissions, whereas the

carbon intensity of solar-based systems is more inconsistent depending on location [78].

Interest in hydrogen-powered aviation has inspired several LCA studies on the subject. In 2014, Pereira et
al. considered the full life cycle of hydrogen-based commercial aviation, including aircraft production and
operational emissions within their system boundary, and evaluated the environmental impacts in terms of
the cost of emissions from all relevant sources [79]. Their results showed that hydrogen fuel produced via
electrolysis powered by RES can achieve a 51% to 60% reduction in environmental costs compared to
conventional Jet A fuel [79]. A more recent study by Siddiqui and Dincer compared the life cycle
environmental impacts of hydrogen aviation fuel with other alternative fuels such as SAF, also accounting
for aircraft manufacturing and operation [80]. Their findings suggest that hydrogen produced via
hydropower and geothermal-based electrolysis yields the lowest GWP compared to other pathways,
including RES-based electrolysis and SMR [80]. The recent work by Rezaei et al. also examined the
environmental performance of the on-site aviation hydrogen production system described in their study,
albeit focusing only on the production and delivery components and excluding the RES components. Their
work reported a carbon intensity of 0.29 to 0.35 kg CO2-eq/kg Hz by 2050 for the hydrogen production and
delivery stages [59].

1.3 Motivation and Outline

As mentioned above, there are research gaps in the modeling hydrogen production, storage, supply and
refueling infrastructure in an airport at an early implementation stage of hydrogen aviation to understand
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their sizing, operation, and potential economic and environmental risks and benefits. Therefore, this thesis
complements and extends the existing literature by focusing on the infrastructure design, operational
dynamics, economic and environmental impacts of hydrogen infrastructure at early implementation, under
conditions of a low or uncertain hydrogen demand. The contribution of this work is the development of a
consistent framework for system sizing, techno-economic analysis (TEA) and the LCA of an airport with
self-sufficient on-site hydrogen production, storage, liquefaction, and refueling for early implementation of
hydrogen-powered commercial flights using data in the Toronto Pearson Airport. The hydrogen
infrastructure is powered by both RES and electrical grids. We develop a MILP model to minimize the
refueled hydrogen costs with optimal sizes of the system components under different techno-economic
scenarios. Historical data on flight schedules at Toronto Pearson Airport and weather data from the Toronto
region are used as a case study for this work. This study aims to investigate the optimal design and operation
of a renewable-based hydrogen system to support early aviation adopters at airports. It explores the required
system capacity, the cost-optimal mix of renewable and grid electricity, and how these parameters evolve
over time with changing techno-economic conditions. Additionally, it assesses the life cycle CI of hydrogen
production and identifies the key contributors to its environmental impact. This thesis is divided into four
chapters. Following the background information and literature review, Chapter 2 focuses on the modeling
work of the airport hydrogen system, including the methodology and optimization results. Chapter 3
presents the life cycle assessment (LCA) of the airport hydrogen system, including a description of
component life cycle inventories (LCI) and the assessment results. The thesis concludes with a summary

of the findings and a discussion on future work and limitations.
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Chapter 2 Techno-economic Analysis of Airport Hydrogen System

2.1 Introduction

This chapter focuses on the modeling and optimization of a self-sufficient airport hydrogen system. It
builds upon the gaps identified in the previous chapter, namely the lack of research addressing small-scale
systems designed for the early implementation of hydrogen-based commercial aviation. First, the chapter
provides descriptions of all system components involved and outlines the proposed case study. It then
presents the formulation of the MILP model used for system optimization. The chapter concludes with a
discussion of the optimization results. The key highlights of this chapter aim to address the following

questions:

1. What is the capacity of the hydrogen system, including the electrolyzer, liquefaction unit, and

storage, required to power early adopters, e.g., regional passenger flights at an airport?

2. What is the share of energy from RES (i.e., PV and WT) and the grid needed to obtain the lowest
refueled hydrogen costs?

3. How will the optimal system size change over time based on current and projected techno-

economic parameters?

4. How will the integration of RES and grid electricity impact the cost of refueled hydrogen?
2.2 System Description

2.2.1 Energy Supply

The system proposed in this study is illustrated in Figure 2-1, which outlines the general flow of energy
between two major components: the electricity supply subsystem and the hydrogen subsystem. Electricity
serves as the sole energy source for the entire system. The electricity supply can be sourced from grid
electricity, RES, and supplementary batteries, depending on the system configuration. The RES is powered
by PV panels, WT or a combination of the two under different scenarios studied in this work. These systems
are assumed to be located on the airport premises or in close proximity for on-site hydrogen production and

refueling.

The renewable energy production data used in this work is obtained from the open-source renewable

generation simulation service provided by Renewable Ninja. This software calculates PV and WT energy
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generation using mathematical models developed by Pfenninger and Staffell [81], [82], combined with
global weather data from NASA's MERRA database [83]. The Renewable Ninja model assumes that the
hourly RES system power output is the product of the hourly RES unit power output and the system

capacity.

For the WT system, power output is simulated based on the Enercon E44 900 turbine model in Renewable
Ninja. This turbine model was selected under the assumption that its shorter height reduces interference
with airport operations when located near the airport. For this case study, the output data for both PV and
WT systems is simulated using historic weather data in 2023 from NASA's MERRA database.

In addition, this study assumes that non-renewable energy used by the airport is imported from the public
electrical grid, with costs calculated based on the average local electricity price to account of the airports
that do not have its own generation microgrid. However, it is known that some large airports may have their

own electricity generation facilities and do not draw power from the public grid.

The battery energy storage subsystem (BESS) serves as supplementary storage in this study, providing
backup energy to the hydrogen subsystem. The BESS capacity is fixed at 10 MWh and is designed to store
electricity from both the grid and renewable sources, particularly during periods when renewable generation
exceeds the hydrogen subsystem's energy demand. In this work, we assume that the BESS uses Li-NMC
batteries due to their relatively lower cost compared to other lithium battery technologies [84]. The BESS
efficiency accounts for the round-trip efficiency, which is 93% for Li-NMC batteries [84]. Detailed techno-

economic parameters of the BESS are provided in Table 2-1.
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Figure 2-1. Graphical schematic of hydrogen infrastructure in an airport, including on-site
hydrogen production using electrolyzers, gas hydrogen (GH2) storage, liquefaction and LH2
storage, and refueling facility. The yellow arrowhead line corresponds to electricity flow and blue

arrowhead line corresponds to hydrogen flow.

2.2.2 Hydrogen Subsystem

The hydrogen energy subsystem (HESS) consists of an electrolyzer, GH2 storage, liquefaction units, and
LH2 storage. Hydrogen production is carried out by the electrolyzer, which generates GH2 using electricity
supplied by the RES and the grid. The electrolyzer technology considered in this work is PEM electrolysis,
which offers a faster response to load changes and higher efficiency compared to alkaline electrolysis [18].
The maximum output pressure of a commercially available PEM electrolyzer ranges from 30 to 70 bar [27],
[85]. This work adopts a conservative assumption for the output pressure of the PEM electrolyzer, setting

it at 30 bar. The techno-economic parameters of the electrolyzer are presented in Table 2-1.
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The on-site storage methods were discussed in 1.1.3. This study assumes the same technical basis for GH2
storage methods as presented by Papadias and Ahluwalia [32]. Regarding the storage cost of GH2,
aboveground hydrogen storage is considerably more expensive than underground storage due to the cost of
tanks [32], [33]. In the base case of this study, GH2 storage is assumed to utilize underground cavern storage
due to its economic advantage over aboveground storage. This study also assumes medium-pressure storage
at 200 bar for GH2. A compressor is used to pressurize the GH2 from the electrolyzer output at 30 bar to
the storage pressure of the cavern storage [30]. For LH2 storage, the study assumes that the tank design
geometry and insulation materials are sufficient to maintain cryogenic conditions, as presented in 0. Boil-
off losses are accounted for in the system modeling as a percentage of mass lost per hour. The techno-

economic details for GH2 storage, LH2 storage, and the compressor are presented in Table 2-1.

The GH2 is liquefied at 1 bar and 23 K using on-site liquefaction units. The ideal minimum specific energy
consumption (SEC) for hydrogen liquefaction is 3.9 kWh/kg from the second law of thermodynamics,
assuming an inlet condition of 1 bar and 303 K [86], [87]. However, due to efficiency losses in the
liquefaction unit components, the actual SEC reported from established industrial plants ranges from 10 to
15 kWh/kg [86], [87]. Future improvements are expected to reduce the SEC of hydrogen liquefaction to 5
to 8 kWh/kg [86], [87]. Regarding liquefaction costs, Holzen et al. reported a non-linear and inverse
relationship between the unit cost of liquefaction systems and their size [35]. The cost of small-scale units
with a capacity of less than 10 tonne per day (tpd) can exceed 4.5 M USD/tpd of feed, compared to less
than 1.5 M USD/tpd for larger plants with capacities exceeding 300 tpd [35]. For this study, as we model
early-implementation hydrogen infrastructure, the liquefaction unit is assumed to have a small capacity,
estimated based on expected daily fuel demand and available airport space. Under this assumption, the

techno-economic parameters for the liquefaction unit in this system are presented in Table 2-1.

2.2.3 Demand

The hydrogen fuel demand is calculated based on historical flight information. In this work, flight data from
Toronto Pearson Airport is analyzed to generate a hydrogen fuel demand profile. Based on the aircraft
designs announced in Airbus’s ZeroE program and the MOU between De Havilland and ZeroAvia [20], it
is likely that the initial generation of hydrogen airliners will be powered by fuel-cell-driven engines with
specifications comparable to those of the turboprop-powered regional airliners currently in service. For this
study, the De Havilland DH-8 series airliner is selected as the reference model to represent a potential

hydrogen airliner, as it is reported to be refitted with ZeroAvia’s hydrogen engine in the MOU.
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Historical flight schedules for services operated by DH-8 series aircraft from Toronto Pearson Airport in
February 2024 are collected from the open-source flight information website FlightRadar24 [88]. This data
is used to create an hourly hydrogen demand schedule as follows. First, the flight history for each
destination is analyzed to determine the average flight time of trips. This information is then used to estimate
kerosene fuel consumption for each flight, which will be converted to hydrogen consumption for flights to
each destination using the conversion factors for substituting LH2 for kerosene jet fuel across various
aircraft sizes reported in [47]. Lastly, the resulting data is constructed in an hourly hydrogen demand profile

derived from flight schedules, as shown in Figure 2-2.
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Figure 2-2. Fuel demand schedule of the Toronto Pearson Airport case-study
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Table 2-1. 2025 Base Case techno-economic parameters of the system components. The numbers in parentheses indicate the techno-

economic predictions for the 2050 Case.

SEC Loss
Component Unit CAPEX Fixed OPEX Efficiency (kWh/kg H,) (% mass/hr) Note
650
PV /kW 1.3% - - - a
$ (400) °
1300
WT /kW 1.19 - - - a
$ (1000) /0
1000 70%
Electrolyzer /kW 3.0% - - b
y $ (300) ° (75%)
20
GH2 Storage /k 1.59 - - - c
& S/kg (20) /0
55 o 0
LH2 Storage $/kg (25) 2.0% - - 0.1% d
Liquefaction M US$/tpd 33 4.0% 13 0.2% e
3.5) (8)
Battery $/kWh 250 3.0% 93% - - f
(120)
1000 0.82 0.5%
Compressor /kW 4.09 -
P $ (600) /0 (0.84) (0.4%) &
a.  The unit CAPEX values of PV and WT components are derived from the reported values in references [89], [90], and the fixed OPEX values are calculated based on the
reported values in [60], [89], [90].
b.  The unit CAPEX of the electrolyzer technology, along with future cost projections, is reported in several references [31], [35], [89], [90], [91], [92]. The unit CAPEX value
used in this work is derived from the values collected from these sources. The efficiency of PEM electrolyzer technology is reported in [31], [89], [91]
¢.  The techno-economic parameters of the bulk GH2 storage unit in this work are taken from references [31], [32], [47].
d.  The techno-economic parameters of the LH2 storage unit are taken from [30], [47]
e. The economic parameters of the liquefaction unit are taken from [30], [35]. The technical parameter SEC value for liquefaction technology is derived from reported values
in [86], [93].
f.  The battery efficiency considers the round-trip efficiency and is reported in [84]. The techno-economic parameters of the battery system are adapted from [94], [95].
g.  The techno-economic parameters of the compressor component in the system are taken from a report by the U.S. Department of Energy [30].
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2.2.4 Case Studies

Multiple case studies are conducted to investigate the cost-benefits of system configuration variations
and techno-economic advancements on optimized system sizing. Table 2-2 summarizes the case studies
and highlights their configurations. The 2025 Base Case is established with both grid-connected energy
supply and RES, composed of PV and WT, using techno-economic data from 2025. The Base Case
serves as the benchmark scenario for assessing the performance of the MILP model and examining
detailed system performance. System configuration cases with 100% RES are analyzed using the 2025
techno-economic parameters to evaluate the feasibility of a renewable hydrogen infrastructure at an
airport. These cases include PV-Only, WT-Only, and RE-Only configurations; the last one combines
PV and WT for electricity input. The grid-connected 2050 Case is developed using predicted techno-
economic parameters for 2050 and is compared to the Base Case to investigate the impacts of

technological development and market expansion on the optimization results.

Table 2-2. Summary of case study configurations used in this work.

Case Studies Grid PV WT Parameter Year
Base Case v v v 2025
RE Only v v 2025
WT Only v 2025
PV Only 4 2025
2050 Case v v v 2050

2.3 Methodology

This work employs a MILP model to determine the optimal component configuration of the airport
hydrogen infrastructure by minimizing the overall annualized cost while satisfying constraints derived
from the system's energy balance. For modeling hydrogen systems, linear modeling in the form of LP
or MILP is a popular choice of method in the literature, which provides reasonable representation of
the system’s complexity while ensuring its computability. MILP methods have been used in the studies
on hydrogen airport systems [47], hydrogen supply chain problems [35], [49], [50], [52], [55], [96] and
hydrogen storage systems in microgrids [60], [61], [62], [63]

The inputs to the MILP model include the RES generation profile, the hydrogen demand profile at the
airport, and the techno-economic parameters of all the components in the system outlined in Table 2-1.

Figure 2-3 provides a graphical representation of the detailed energy flow within the system, from
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electricity generation by RES to hydrogen consumption by aircraft. The mathematical expressions for
the constraints will be detailed in the following sections. These constraints ensure that the hydrogen
demand from flights is met at all time steps while the demand and supply of each system component
remain within their respective capacities. The decision variables of the MILP model include the
capacities of the system components, and the amounts of grid electricity purchased. The MILP model
optimizes the decision variables while simultaneously managing the system's energy flow at each time

step of the simulation. For this study, the time step is set to be one hour.
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Figure 2-3. Detailed schematic of energy flow within the airport hydrogen system. The dashed
arrowhead line corresponds to flow of AC energy while the solid arrowhead line corresponds to
flow of DC energy. The color scheme highlights different subsystems with green corresponding

to RES subsystem, yellow corresponding to battery storage, blue corresponding to hydrogen

subsystem and red represents grid energy.
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2.3.1 Objective Function

The objective function of the MILP model is minimizing the total expenditure of the system,

min (Cgrig + Z Cra;j) Equation 2-1
J

Where Cgyiq is the cost of grid electricity used in a year which is represented in Equation 2-2, and C7,  ;

is the annualized total expenditure of system component j, represented in Equation 2-3. Here j
represents the components in the airport hydrogen system, including PV subsystem, WT subsystem,

electrolyzer, liquefaction unit, compressor, gaseous storage and liquid storage.

The yearly grid energy purchase cost C;,i4 1s calculated as the product of unit cost of grid electricity

imported to the system, C, gﬁd,i, and the sum of grid electricity purchased, E,;q ;, at time i in hours, as

_ U E
Coria = Cgriai * ) Ecria, Equation 2-2
i

The annualized total expenditure of a component, Cr 4 ;, is calculated using Equation 2-3, the product

of the component capacity, CAP; and the annualized component unit cost C }] A

Cra,j = Cfa; * CAP; Equation 2-3

The annualized component unit cost C}Jl 4, In Equation 2-3 considers the annualized unit capital

expenditure, Cg_ 4,j and its fixed operating expenditure, C }lTIO, ; (as see in Equation 2-4).

Craj=Céaj+ Cro, Equation 2-4

The annualized capital expenditure, C, g 4,j» can be calculated by multiplying the unit capital expenditure

Cg_ ; listed in Table 2-1 by the capital recovery factor, fcg, as

Cg,A, ji= Cg, j* fer Equation 2-5

Since the units of Cg ; in Table 1 vary between different components (i.e. US$/kW for WT and USS$/kg
for GH2 storage), the units of these parameters are all converted to equivalent units in power or energy,
i.e.,, US$/kW for power consuming and power generating components, US$/kWh for storage
components. Correspondingly, the units of component capacity CAP; depend on the type of component

its representing.
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The capital recovery factor f-p is a ratio used to calculate the annualized cost of an investment,

considering the time value of money. f5 is calculated using annual discount rate and project lifetime,

dr(1 + dr)tT .
CR = m Equation 2-6

where, dr represents the annual discount rate, i.e., 0.07 in this study, and LT is the project lifetime, i.e.,
20 years in this study.
In this study, the fixed operating cost of component j, C ,90’ j» 1s assumed to be a fixed percentage of its

Cé’_ ; every year. The percentage value is represented by the factor fro j, which is listed in Table 2-1.

U _ U
Cro, ji= Ce, j* fFo,j Equation 2-7

2.3.2 Electricity Supply Constraints

The following equations outline a set of constraints for the energy balance of electricity supply from

RES and grid to the system.
Epy; * CAPpy * dt = Epy gg; + Epy_cure Equation 2-8

Ewr,i * CAPyr * dt = Eyr ggi + Ewr curti Equation 2-9

Equation 2-8 and Equation 2-9 ensure that the production and curtailment of renewable energy are
constrained by the RES component capacity and the RES production profile of the case-study region.
E py,i and EWT‘i are inputs from Renewable Ninja (see 2.2.1), which describes the power generation by

PV and WT per unit capacity of the components, respectively.

Meanwhile, the utilized renewable energy, Erg; and the purchase of grid energy, Egriq; are
constrained in Equation 2-9, Equation 2-10 and Equation 2-11by consumption of energy supply by the

battery storage and the hydrogen systems. The variables in the equations are shown in Figure 2-3.
Erei = Epv REi * Mimv + Ewr RE,i * Mcony Equation 2-10

Erei = ERe Batti + Ere e1i + ERE _Liqi + ERE_comp,i Equation 2-11
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Ecriai = Egria_atti + Ecria_gri + Ecria_tiqi + Ecrid_comp,i Equation 2-12

2.3.3 Battery System Constraints

Equation 2-13 and Equation 2-14 describe the battery charging E¢y,,,; and discharging Ep; ; at each
time step, respectively. E¢pq,-; consists of the energy supplied from the RES and the grid, with losses

introduced by converter efficiency and the roundtrip battery losses.
EChar,i = (ERE_Batt,i + EGrid_Batt,i) *Nconv * NBatt qulatiOIl 2-13
Episi = Epatt ki Equation 2-14

Meanwhile, the energy stored inside the battery storage, Eggy¢ ;, at the beginning time step, i = 0 is

specified,

Epatti=o = Epatt_init Equation 2-15
The energy balance of the battery is as,

Epatti = Epatti-1 + Echar,i-1 — Epis,i-1 Equation 2-16

The imposed constraints in Equation 2-17 to Equation 2-19 ensure that the battery system will not
perform charging and discharging at the same time. Here, Bp;s and B¢y, are the binary integer that

enforce the constraints and M denote the constant with an arbitrary high value.

M * Bepar < Echari <M * (1 — Bpis) Equation 2-17
M * Bp;s < Epis; < M * (1 — Bepar) Equation 2-18
Bpis + Bchar = 1 Equation 2-19

2.3.4 Gaseous Hydrogen System Constraints

Equation 2-20 describes the energy balance at the electrolyzer, where the energy consumption by the

electrolyzer is constrained by the energy supplied from the RES, the battery storage, and the grid.

24



Eri = Erg_ELi * Nconv + EBate_ELi * Minw T Ecria_g1i * Nconw Equation 2-20

The electric energy demand from the electrolyzer is lower or equal to the capacity of the electrolyzer,

CAPg,, as is shown in Equation 2-21.

Eg i < CAPg * dt Equation 2-21

The storage level of GH2 at time i is equal to the level at the previous time step, i — 1, plus the
generated hydrogen at time i, and subtracting the GH2 drawn by the liquefaction system (as seen

Equation 2-22).
Ecuastgi = Ecnastgi-1 + Egri-1 * Me1 * Ncomp — ELnz,i-1 Equation 2-22

The generated hydrogen at each time i is calculated as the electricity power consumption by the

electrolyzer Eg;; multiply by the efficiency of the electrolyzer, ng; and the compressor efficiency,

77Comp-

Equation 2-23 imposes additional constraints on the storage level to ensure that the level is below
maximum storage capacity. The minimum storage level of GH2 is also constrained to 10% of the

maximum storage capacity to prevent pressure instability.

0.1 % CAPgH2stg < Eghastgi < CAPguastg Equation 2-23

And the storage level at the end of simulation needs to be higher than the initial value to ensure a

sustainable operation.
EGHZStg,i:O < EGHZStg,i=End Equation 2-24

Equation 2-25 and Equation 2-26 describe the energy balances at the compressor. First, the energy

consumption by the compressor, E¢omyp,i, is calculated based on the generated hydrogen at each time i

and the specific energy consumption of the compressor, SEC¢omyp-
Ecomp,i = Egvi * Ne1 * SECcomp Equation 2-25

And compressor’s energy demand is from the grid and RES, as
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EComp,i = (EGrid_Comp,i + ERE_Comp,i) * Ny Equation 2-26

The compressor capacity, CAP¢omp., is related to the electrolyzer capacity, CAPg,, ensuring sufficient

compression for the hydrogen output from the electrolyzer (see Equation 2-27).
CAPcomp = CAPgy * gy * SECcomyp Equation 2-27

2.3.5 Liquid Hydrogen System Constraints

The equations in this section represent the constraint for LH2 system, which involves the energy

balance in the liquefaction unit, liquid state storage and the ultimate fuel demand from the aircraft, as
SECLiq * ELnz,i = (Ere_Ligi + EGria_viq,i) * Mimv Equation 2-28

Here, the energy consumption by the liquefaction unit is calculated by multiplying the specific energy

consumption of the liquefaction unit SEC; ;4 and the amount of liquefied hydrogen Ej 5 ;.

Yet, E 5 ; is constrained by the capacity of liquefaction unit, as
Eitzi < CAPig * dt Equation 2-29

The storage level of LH2 at time i, E} 55 ,:, 1S calculated similarly to the gaseous storage, which equals
to the level of the previous time step i — 1, plus the liquefied hydrogen and subtracting the fuel

delivered to the aircraft, as
Einastgi = ELnastgi-1 * (A —npy2) + Epppiq * Niiq — Erueri-1 Equation 2-30

Here, an additional loss efficiency 1,y is added to the storage level balance for LH2 storage to address

the boil-off losses.

Similar to GH2 storage, additional constraints are imposed on the storage level of LH2 to ensure
sustainable operation (Equation 2-31) and that the level is bounded within the storage capacity and

minimal operation capacity (Equation 2-32).
Ernastgi=0 < Ernastgi=end Equation 2-31

26



0.1 = CAPLHZStg < ELHZStg,i < CAPLHZStg Equation 2-32

2.3.6 Performance Indicators

The levelized cost of hydrogen (LCOH) is a useful indicator of the cost-effectiveness of a hydrogen
production system. It represents the cost of producing hydrogen on a per-unit basis. In this study, the
LCOH is calculated using the annualized total cost of the system, which includes the cost of the battery

system, and the yearly LH2 production in kilograms, as shown below.

Coria + XjCraj

LCOH =
i Eg1i * Mg * Neomp

Equation 2-33

Several technical indicators are introduced to evaluate the overall performance of the system and the
individual performance of specific system components. The energy independence score (EIS) evaluates

the degree of system’s energy independence from conventional grid energy [97].

t
Zi=1 Elmport,i

EIS=1-
€=1(E1mport,i + ERE,i)

Equation 2-34

On the component level performance, the utilization ratio (or capacity factor) of electrolyzer, Ug, and
liquefaction unit, U;, are calculated as the average ratio of the actual utilized capacity over its
maximum capacity.

t EElDemand,i

g ot CAP=p Equation 2-35
BT t

t ELiqDemand,i
=1 CAPg Equation 2-36

UL= t

The curtailment ratio of renewable energy, R, is calculated as the average summation of curtailed PV
and WT energy, over the total renewable generation.
t
Yi=1(Ewr curti T Epv_curt,i)

R, = ' ]
‘ Yi-1Erg, Equation 2-37
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2.4 Results and Discussion

2.4.1 2025 Base Case

2.4.1.1 System Performance and Optimization

In the 2025 Base Case, hydrogen infrastructure in the airport is powered by both grid electricity and
RES comprised of PV and WT with techno-economic parameters in 2025. Results of the base case
study will be used to examine the system operation performance and serve as the baseline for
comparison with other case studies and sensitivity analysis. A summary of all the cases can be found

in2.2.4.

The optimized component capacities and their costs for the 2025 Base Case are presented in Table 2-3.
The total annualized system cost is US$ 19.6M, with an additional cost of US$ 3.4M for grid electricity.
It is notable that despite having a rather low capacity, the cost of the liquefaction unit takes up 31.2%

of the overall expenditure, due to its particularly high cost per unit capacity.

The LCOH of the 2025 Base Case is US$7.45/kg LH2. This value is higher than the US$5.38/kg plant-
gate cost reported by the US Department of Energy [98]. However, it is significantly lower than the
cost of the dispenser in their study, i.e., US$14.24/kg [98], because the on-site hydrogen infrastructure
in this study does not require costly distribution and retail. This value is also compared to values from
the literature under similar scenarios. Schenke et al. reported an LCOH of US$5.3 to US$13.3/kg LH:
in their study on on-site LH> production for the early adoption of hydrogen aviation in 2030, across
different European locations and flight numbers [58]. In comparison, the result obtained in our study
lies within the middle of the range reported by Schenke et al., supporting the assumptions made in this

study and indicating consistency in system performance across scenarios from different locations.

Compared to fuel prices, over the past five years the daily jet fuel spot price reported by the U.S. Energy
Information Administration (EIA) has ranged from US$0.29/kg to US$1.73/kg [99] (Note: the lower
end of this range occurred during the COVID-19 period and may not reflect typical market conditions),
it still costs significantly less by unit fuel weight using jet fuels than using LH2. For an alternative
perspective, the costs of both hydrogen and jet fuel are converted to a per-kWh basis. Under this metric,
the LCOH is US$0.22/kWh for LHa, while the costs of jet fuel remain lower at US$0.024/kWh to
USS$0.14 US$/kWh, making hydrogen under the 2025 Base Case still less competitive than its jet fuel
counterpart.
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Table 2-3, Summary and comparison of simulation results for the 2025 Base Case, RE Only, PV
Only, WT Only cases and 2050 Case. The top section of the table summarizes the results for
system component capacities; the middle section shows the overall system cost and the
breakdown of system component costs; and the bottom section presents the technical indicators

for case study performance assessment.

Base Case  RE Only PV Only WT Only 2050 Case
PV 51.47TMW  63.82MW  214.02 MW - 72.8 MW
WT 4259 MW  56.2 MW - 107.71 MW  33.1 MW
Electrolyzer 2831 MW 3644 MW 5048 MW  41.85MW  42.75 MW
Liquefaction 10.23 tpd 9.51 tpd 32.48 tpd 13.34 tpd 10.23 tpd
Compressor 0.49 MW 0.63 MW 0.87 MW 0.72 MW 0.81 MW
LH2 Storage 3421 24.63 t 26.92 t 36.81t 342t
GH2 Storage 28.64 t 22294 t 522.29t 683.94 t 210.69 t
Battery Storage 10 MWh 10 MWh 10 MWh 10 MWh 10 MWh
Grid Energy 38.61 GWh - - - 0.97 GWh
PV $3.3 M $4.1 M $13.9M - $2.9M
WT $54M $7.1 M - $13.6 M $32M
Electrolyzer $3.3 M $4.2 M $5.9M $4.9M $1.5M
Liquefaction $7.2M $6.7M $227M $9.3 M $4.5M
Compressor $61.5K $79.1 K $109.6 K $90.9 K $61 K
LH2 Storage $19.7K $1422 K $1555K $212.6 K $10K
GH?2 Storage $52 K $404.6 K $948 K $1.2M $382 K
Battery Storage $290 K $290 K $290 K $290 K $140 K
Grid Energy $3.4M - - - $10 K
System Total $22.9M $22.9M $43.8 M $29.6 M $12.8 M
ELE Utilization 58.79% 45.63% 34.07% 41.72% 36.31%
LIQ Utilization 81.71% 88.18% 26.58% 65.69% 81.73%
% Curtailment 7.90% 9.30% 31.20% 15.20% 4.20%
EIS 0.80 - - - 0.99
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Figure 2-4, Simulation results for 2025 Base Case; a) Annual energy supply breakdown; b)
Hourly energy supply dynamics during moderate renewable availability; ¢c) Hourly energy
supply dynamics during high renewable availability; d) Daily energy supply dynamics; e)

Weekly energy supply percentage; f) Renewable energy utilization dynamics.
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Figure 2-4 provides a detailed breakdown of energy sources for the airport hydrogen system throughout
the year in the 2025 Base Case. Figure 2-4 a) shows the annual energy supply proportion of different
sources. Figure 2-4 a) reveals that renewable energy supplies the majority of the electrolyzer's energy
over the year in the 2025 Base Case, with PV and WT providing 20% and 50% of the system’s annual
energy supply, respectively. Figure 2-4 b) and c) depict two four-day hourly profiles of the electrolyzer
energy supply during moderate (e.g., Days 0-3) and high renewable availability (e.g., Days 62-65),
respectively. In periods with moderate renewable availability (see Figure 2-4 b)), renewable energy
alone cannot meet the power demand from the electrolyzer, so grid energy fills the gap to ensure a
steady hydrogen supply for flights. On the other hand, under high renewable availability, the system
can operate solely on renewable sources. Figure 2-4 c) also shows that periods of low energy
consumption by the system occur during seasons of high renewable energy availability. This suggests
that the system chooses to slow down hydrogen production and instead utilizes stored hydrogen during
periods of overproduction to meet fuel requirements. This highlights the important role of hydrogen
storage in energy management, enabling the system to operate with greater flexibility and improved

utilization of renewable energy.

Figure 2-4 d) shows the daily source energy breakdown for the entire year, while Figure 2-4 ¢) presents
the weekly percentage contribution of each energy source powering the electrolyzer. Moreover, Figure
2-4 f) provided the details of renewable energy generation in the system throughout the year. During
the winter and spring seasons between Weeks 4 and 16 (Figure 2-4 e)) or Days 28 to 112 (Figure 2-4
f)), abundant wind energy is available in the local area. This corresponds to the high renewable

availability days when the system operates solely in RES, as discussed before.
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Figure 2-5. Impact of change in unit CAPEX of PV, WT and electrolyzer on the results of a).

PV sizing, b). WT sizing, c). Electrolyzer sizing, d). GH2 Storage sizing, and e). Electrolyzer

utilization.

Market fluctuations, component availability and supply chain, and technology improvement may all

impact the price of subcomponents in the system. To examine how these could affect the sizing and

economic performance of the hydrogen system, sensitivity analysis is performed with varying unit costs

for PV, WT, and electrolyzers. It is noted that during these sensitivity analyses, the sizing for the

liquefaction unit and LH2 storage remain unaffected due to their high unit costs and specific energy
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consumption of the liquefaction component (as seen in Table B 1). The impacts on the sizing and

economic results of various components are plotted in Figure 2-5 and Figure 2-6, respectively.

Figure 2-5 a) depicts how the changes in the PV, WT and electrolyzer costs impact on the sizing of PV
system capacity. The change in electrolyzer and PV unit costs affect the PV system capacities similarly;
namely, both unit costs correlate inversely with the optimized PV capacities. On the other hand, a
decrease in the unit cost of WT reduces PV system capacity, as WT becomes more cost-effective
compared to PV. However, when WT costs increase by more than 10%, PV capacity starts to rise as
the cost of PV energy becomes significantly cheaper than the cost of WT energy, making a larger PV

capacity more beneficial for providing renewable energy.

The impacts on the WT capacity sizing are shown in Figure 2-5 b). The optimized capacity of WT is
inversely correlated with changes in the unit costs of both WT and electrolyzer components. While WT
capacity is not highly sensitive to reductions in electrolyzer costs, it is significantly affected by changes
in WT costs. If the unit cost of WT increases by more than 50%, optimized configuration indicates that
incorporating a WT component would no longer be economically viable and thus the size of WT at this
point reduces to zero. Additionally, WT capacity decreases as PV costs decline; and once PV costs rise
beyond 20%, WT capacity begins to increase. This trend is similar to the observations made for the
impact of WT cost on PV capacity in Figure 2-5 a), suggesting that changes in the cost of one renewable

technology can similarly impact the capacity of the other.

The sizes of the electrolyzer module and GH2 storage are similarly sensitive to changes in the unit costs
of PV and electrolyzers, as shown in Figure 2-5 ¢) and d). And GH2 storage size becomes particularly
sensitive when these costs decrease by more than 40%. From Figure 2-5 a) to d), it also indicates that
once the electrolyzer unit costs increase by more than 10%, these component capacities are not
significantly affected by increases in electrolyzer unit costs anymore. That’s because when electrolyzer
unit costs are high, it becomes financially optimal to only use the smallest possible electrolyzer. Under
such a configuration, the system's operation strategy shifts drastically, as the electrolyzer is at full
capacity, i.e., its utilization caps at 100% as shown in Figure 2-5 e). This means that the system requires

nonstop hydrogen production to meet the daily hydrogen consumption from flights.

Impacts of component unit costs on financial performance are reflected in the variation of LCOH, as
shown in Figure 2-6 a). Generally, LCOH is directly related to changes in the unit costs of component

technologies, showing greater sensitivity to cost reductions than to cost increases. Notably, LCOH is
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% Change of LCOH

particularly responsive to decreases in WT technology costs, with a 50% reduction in WT cost leading
to a 16% drop in LCOH. Additionally, Figure 2-6 b) and c) illustrate the sensitivity of component
expenditure and grid energy purchases to component technology unit costs, respectively. Component
expenditure remains relatively stable with cost reductions of up to 40%, because component sizes
increase with unit cost reduction. But grid energy purchases directly correlate with changes in
component costs, as shown in Figure 2-6 c¢). This is due to the corresponding decrease in component
capacities, as shown earlier in Figure 2-5. As component costs rise, operating the hydrogen system
using renewable energy becomes very expensive, leading the system to increase the reliance on grid

energy to compensate for energy availability constraints (as also seen in the EIS changes in Table B 1).
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Figure 2-6. Impact of change in unit CAPEX of PV, WT and electrolyzer on the economic
results of a). Total annualized component expenditure, b). Annual grid energy cost, and c).

LCOH.

The impact of electrolyzer efficiency is also analyzed. We consider the efficiency range of 50% to 80%
to cover both the pessimistic performance of current technology and the optimistic performance of
future targets. Figure 2-7 illustrates that improvements in electrolyzer efficiency can significantly
reduce the overall cost of the system. The total system cost can be reduced by 7% compared to the
current value from the 2025 Base Case. A more efficient electrolyzer also decreases energy demand,
leading to a reduction in the capacities of the renewable energy grids (see Figure 2-7 b)). The PV and
WT sizes are reduced by 9.6% and 10.4%, respectively, if electrolyzer efficiency is improved to 80%.

In Figure 2-7 c) and d), changes in efficiency in both directions result in a slight decrease (less than
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7%) in the required GH2 storage and a small increase (less than 2%) in electrolyzer utilization,
indicating that variations in electrolyzer efficiency do not significantly impact the storage requirements

or operational demand of the system.

a) b).
40% 40%
\
20% | \ 20%
\3
(] L]
=) o
S 0% r — S 0% r
= =
Q (6]
ES R
-20% + Total CAPEX -20% PV Capacity
—— =Grid Energy Purchase — —WT Capacity
——LCOH ———- i
-40% . . -40% EL Clapaclty
40% 60% 80% 40% 60% 80%
Electrolyzer Efficiency Electrolyzer Efficiency
c) d).
20% 20%
——GH2 Storage Capacity ——EL Utilization
10% 10%
Q L]
o o
S 0% S 0% T
= =
5 /\ 5
2 R
-10% - -10%
_20% 1 | _20% 1 |
40% 60% 80% 40% 60% 80%
Electrolyzer Efficiency Electrolyzer Efficiency

Figure 2-7. Impact of electrolyzer efficiency on the optimal results, a). System economics
performance; b). Renewable and Electrolyzer system sizing; ¢). GH2 Storage sizing; d).

Electrolyzer utilization.
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Electrolyzer utilization.

The 2025 Base Case assumes that the GH2 is in cavern storage as a cheap method to store bulk hydrogen
in gaseous state. However, the cost of cavern storage for GH2 can vary due to the location and costs of
labour and construction [32]. In cases where cavern storage may not be available, compressed storage
tanks will be adopted for potential GH2 storage. For these reasons, sensitivity analysis on the unit cost
of GH2 storage to the sizing results is conducted to investigate the effect of the varying storage

situations. In this study, a range between the unit cost of cavern storage cost (i.e., US$20/kg [35]) and
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the unit cost of compressed gas tank storage (i.e., US$500/kg [30]) is analyzed. Figure 2-8 a) and b)
show that the optimized component sizes are inversely related and highly sensitive to increases in
storage costs. A sharp decrease in GH2 storage size is observed as its costs rise from US$20/kg to
US$200/kg, leading to a corresponding reduction in renewable energy and electrolyzer component
sizes. Despite this, the system’s overall economic performance remains unaffected, with the LCOH
staying nearly the same by adjusting the use of RES and grid electricity to produce hydrogen, as is
shown in Figure 2-8 c). Nonetheless, higher GH2 storage costs alter the system’s component size
composition and reduce the system’s potential to produce hydrogen using renewable energy as the grid
reliance increases (as also seen in the EIS changes in Table B 1). In addition, Figure 2-8 d) shows that
higher GH2 storage costs may also impact the system’s operating pattern, as electrolyzer utilization

increases significantly with rising GH2 storage costs.

2.4.2 Case Studies

2.4.2.1 Without grid connections

The PV-Only, WT-Only, and RE-Only case studies are conducted to evaluate the economic and
technical feasibility of setting up the airport hydrogen infrastructure without grid-connection (see
2.2.4). Table 2-3 compares system component capacities, annualized costs, and technical performance

among all case studies.

Figure 2-9 illustrates the contribution of component costs to the LCOH. It shows that producing
hydrogen using only one type of renewable technology is very costly due to significant increase in the
required production, liquefaction and storage capacities. The total costs for the PV-Only and WT-Only
cases are 90.9% and 29.0% higher, respectively, than that for the Base Case grid-connected system.
Although the total renewable subsystems cost similarly in the PV-Only case (US$13.9 M) and the WT-
Only case (US$13.6 M), the PV-Only case has a much more expensive hydrogen subsystem including
both electrolyzer and liquefaction unit. In the PV-Only case, the hydrogen subsystem cost is US$29.8
M accounting for 68.0% of the total cost, while for the WT-Only scenario, it costs US$15.7 M,
representing only 53.2% of the total cost. The high expense of the PV-Only configuration is due to the
limited availability of PV during the daytime and the large seasonal variation in sunlight from the

historic weather data near Toronto. This restricts hydrogen production in the PV-Only configuration to
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daytime, resulting in the need for a much larger electrolyzer and liquefaction unit working in a shorter
window to meet the fuel demand. Additionally, the system requires larger storage capacity to

accommodate large seasonal PV generation changes.
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Figure 2-9. Contribution of system component cost to LCOH for 2025 Base Case, RE-Only, PV-
Only, WT-Only and 2050 Case.

In contrast, the total annualized cost of the RE-Only case is only 0.13% higher than the Base Case with
grid connection, making it much cheaper than the PV-Only and WT-Only scenarios. This is because
the RE-Only case benefits from the strengths of both PV and WT technologies, with PV offering a
lower unit cost for energy, while WT provides more consistent energy generation. This means that
under the current base case assumption, it is economically reasonable to construct stand-alone RES

production for hydrogen infrastructure without grid connections.

Besides the economics, the performance of each case studies is also analyzed using the two technical
indicators, i.e., the electrolyzer utilization ratio and renewable curtailment ratio, which are also
summarized in the bottom section of Table 2-3. It is found that grid connection can increase electrolyzer
utilization and reduce renewable curtailment. The electrolyzer utilization of the grid-connected 2025
Base Case is 58.8%, which is higher than the other cases without grid connection. Cases without grid
connection require a large electrolyzer (see Table 2-3) with a lower utilization rate due to variations in
renewable energy availability. Similar observations are also made for the liquefaction units, where the

utilization of the component decreases significantly in the PV-only and WT-only cases to 26.58% and
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65.49%, respectively (see Table 2-3). Under these scenarios, a larger liquefaction unit is required to
provide liquefied hydrogen during the limited availability of renewable energy, which is economically
disadvantageous given that the liquefaction unit is an expensive piece of equipment. On the renewable
curtailment, the grid-connected 2025 Base Case only curtails 7.9% of the renewables, compared to the
9.3%, 31.2% and 15.2% of RE-Only, PV-Only and WT-Only Cases, respectively. Under the current
commercial availability of electrolyzers, further increasing electrolyzer capacity to utilize excess
renewable energy is more expensive than curtailing the excess energy. This makes the system not only
costly but also inefficient, highlighting the importance of reducing electrolyzer costs to enable a more

efficient and renewable hydrogen production system.

2.4.2.2 Impacts by Technology Development

To study how potential technology development and market expansion can impact the optimal system
sizing and cost, the 2050 Case is set up to compare the grid-connected cases using projected techno-
economic values in 2050 (see Table 2-1). As shown in Table 2-3, the expected breakthroughs in
technology and market penetration by 2050 reduce the total cost of the airport hydrogen system by
44.3%, along with increased capacities of several components. Due to decreased RES unit costs in
2050, the PV capacity increases significantly by 41.4%, while the WT capacity decreases by 22.3%.
However, the cost breakdown in Table 2-3 shows that, despite the larger PV capacity in the 2050 Case,
the total CAPEX is still 12.9% lower than in the 2025 Base Case due to reduced unit costs. Similar
trends are observed in the hydrogen subsystem components. With projected improvements in
electrolyzer efficiency and unit cost, the electrolyzer capacity in the 2050 Case increases by 51.4%,

while the annualized electrolyzer cost drops by 54.4% due to the lower unit price (see Table 2-3).

It is also noted that the liquefaction unit remains the most expensive component in the entire system,
despite the prospective reductions in both its unit cost and specific energy consumption. The capacity
of the liquefaction unit remains unchanged from the 2025 Base Case to the 2050 Case, as it would be

still quite expensive and inefficient to fit a larger unit into the system even in the 2050 Case.

Figure 2-9 shows that LCOH decreased to US$4.43/kg (or US$0.13/kWh) in the 2050 Case, down from
US$7.45/kg in the 2025 Base Case. This value is lower and close to the higher end of recent jet fuel
prices (i.e., US$1.72/kg, or US$0.14/kWh). This shows that with technological development, using

hydrogen can deliver the same amounts of energy at similar costs to jet fuels.
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The technical indicators of the two case studies are also analyzed. The EIS of the 2050 Case rises to
almost unity (i.e., 0.99) from the value of 0.80 in the 2025 Base Case (as is seen in Table 2-3). This
indicates that the reduction in cost and improvement in efficiency allows the system to be almost
independent from the grid while maintaining its cost-effectiveness. It is also seen that the 2050 Case
has lower renewable curtailment (i.e., 4.2%), which is lower than the 2025 Base Case at 7.9%. This is
primarily due to the larger and cheaper electrolyzer with larger GH2 storage in the 2050 Case, which

allows more renewable energy to be utilized for hydrogen production.

2.5 Conclusion

In this chapter, a MILP model has been constructed to study the optimal sizing of hydrogen
infrastructure at Toronto Pearson Airport in Ontario, Canada, incorporating on-site production, storage,
and refueling hydrogen-powered aircrafts. We also conducted sensitivity analyses on the impacts of
component parameters such as the cost and efficiency and compared various system configurations and

their economic performances under different case studies.

The optimal solution for the grid-connected 2025 Base Case reports an LCOH of US$7.45/kg of LH2,
demonstrating a good degree of consistency with similar systems and scenarios reported in the
literature. RES generation constitutes a dominant share of the energy supply to the hydrogen system.
Sensitivity analyses reveal that the system's sizing composition and economics are highly sensitive to
changes in the unit costs of electrolyzer, PV and WT. A large increase in the unit costs of these
components can lead to a complete change in system configuration and operation strategy. Lowering
electrolyzer costs could greatly enhance the cost-effectiveness of the hydrogen infrastructure, providing

stronger economic incentives for adopting hydrogen as an aviation fuel.

Meanwhile, powering the hydrogen infrastructure using only one type of RES without grid connections
results in very high LCOH. This is likely attributed to the limitations of individual RES technologies,
such as the restricted daily availability of PV generation and the high costs associated with WT systems.
Combining PV and WT in the RES-only configuration shows higher energy curtailment and lower

energy utilization compared to the grid-connected 2025 Base Case, but similar LCOH’s.

With technological advancements, the 2050 Case indicates an increase in grid independence, rising to
0.99 from the value of 0.80 in the 2025 Base Case. This improvement is primarily driven by the
projected cost reductions in RES and hydrogen technologies. The capital cost reductions lead to a larger

RES and electrolyzer subsystems. Compared to the 2025 Base Case, the PV system capacity and
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electrolyzer capacity increase by 41.4% and 51.4%, respectively, in the 2050 Case, while the overall
system cost decreases by 44.2%. The LCOH decreases to US$4.43/kg LH2 in the 2050 Case, which
equates to US$0.13/kWh, showing cost competitiveness with jet fuels.
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Chapter 3 Life Cycle Analysis of Airport Hydrogen System

3.1 Introduction

Hydrogen has long been regarded as a clean fuel; however, it is important to evaluate the degree of
“cleanness” of hydrogen by considering the full life cycle of its production and use. This chapter
presents a well-to-pump LCA developed for the airport hydrogen system described and studied in the
previous chapter. It begins with a system description that defines the life cycle boundaries, followed by
an inventory analysis of the hydrogen system components. The chapter concludes with the results and
discussion of the CI assessment based on the inventory data. This chapter aims to address the following

questions:

1. What is the life cycle CI of hydrogen production from the renewable-based airport hydrogen

system?
2. What factors contribute to carbon emissions in the hydrogen life cycle?

3. How does the airport hydrogen system perform compared to the kerosene counterpart,

regarding carbon emissions?

3.2 LCA System Description

The scope of the LCA in this study is illustrated in Figure 3-1, which highlight the system boundary of
the airport hydrogen system proposed in Chapter 2 and describes the interactions between different
upstream and downstream life cycle stages, including raw material extraction and processing,
manufacturing of system components, and fuel production, all of which account for associated
emissions. This LCA study aims to evaluate the well-to-pump environmental impact by considering the
emissions associated with the raw materials and manufacturing of the seven major subsystem
components, including the PV panels, WT, electrolyzer stacks, compressor, liquefaction unit, battery,
GH2 and LH2 storage subsystems (as seen in Figure 3-1). The impact of aircraft production and
operation is not included in the boundary of this study due to data paucity. The case studies that involve
only the sustainable energy sources from Chapter 2 are studied for this LCA, with RE-Only case study

as the baseline for comparison.
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Figure 3-1. Schematic and system boundary of the well-to-pump life cycle assessment of the

airport hydrogen system.

3.3 Life Cycle Inventory Analysis (LCIA)

ISO 14040 defines the LCI of a study as the data collection and calculation processes used to quantify
the key inputs and outputs of a product system, including raw materials for manufacturing, energy
consumption, waste, and emissions [66]. In this LCA study, each subsystem involved in the airport
hydrogen system has its own detailed inventory, which is then integrated into the overall life cycle
system described in Figure 3-1. For certain components such as the PV, WT, electrolyzer, and
compressor, their LCls are adopted from literature sources, which represent the materials required to
manufacture a functional unit and can be scaled up linearly to the capacities determined in the selected
case studies from Chapter 2. Other components, such as the liquefaction unit, GH2 storage, and LH2
storage, have LCIs determined using in-house assumptions along with literature descriptions of similar
components. The following subsections present the final bill of materials (BOM) for the components
whose LClIs are directly adopted from the literature. If a material appears in multiple manufacturing
stages, the total weight of that material across all stages is summed and included in the final LCI. For
the components with in-house derived LCls, the assumptions and methods for their derivation will also

be described in the following subsections.
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3.3.1 PV Subsystem Inventory

Table 3-1. Summary of life cycle inventory of 1 kW PV functional unit (values adopted from
[100], [101]).

Item Unit Quantity Item Unit Quantity
Acetic acid kg 0.20 Glass kg 0.09
Acrylic acid kg 0.03 Hydrochloric acid kg 0.02
Acrylic binder kg 0.01 Hydrogen fluoride kg 0.03

Al Metallization paste kg 0.28 Isopropanol kg 0.89
Alkylbenzene sulfonate kg 1.24 Lime kg 0.14
Ammonia kg 0.11 Natural gas MJ 21694
Argon kg 2.88 Nitric acid kg 0.19
Back Metallization paste kg 0.01 Nitrogen kg 5.75
Brass kg 0.04 Phosphoryl chloride kg 0.07
Ceramic kg 0.48 Polyurethane kg 2.32
Chromium steel kg 0.01 PP kg 0.21

CO; kg 0.84 Silane kg 0.01
Concrete kg 245.78 Silicon kg 2.88
Copper kg 3.15 Sodium hydroxide kg 3.22
DGME kg 1.55 Steel kg  210.04
Electricity kWh 205.14 Water kg 15823.48
Front Metallization paste kg 0.02 Zinc kg 13.11

The data for the PV inventory in this study is collected from the ICA report on the LCI of photovoltaic
systems, which provides a detailed BOM for different types of PV panels in various locations

worldwide [100], as well as from the GREET model developed by Argonne National Laboratory [102].
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For this study, the inventory for mono-Si PV panels manufactured in the U.S. is selected due to the
high market share of the technology and its geographical relevance to the case study. The detailed LCI
of the PV panel function unit can be found in Table A 1 of Appendix A. The PV panel used in this
study is assumed to be a 1 kW functional unit, with an area of approximately 5 m?, estimated based on
commercially available products. Table 3-1 shows the total BOM from all stages involved in the
manufacturing of a 1 kW mono-Si PV panel listed in Table A 1 of Appendix A, including the production
of crystalline silicon, silicon wafers, the panel itself, and the balance of plant (BOP) per kW of PV

panel.

3.3.2 WT Subsystem Inventory

Table 3-2. Summary of life cycle inventory of 1.65 MW WT functional unit (values adopted
from [103]).

Item Unit Quantity
Aluminium kg 66500
Cast Iron kg 29300
Concrete kg 805000
Copper kg 57800
Electronics kg 2500
Fiberglass kg 27000
Oil kg 39100
Plastic kg 58200
Stainless Steel kg 7800
Steel kg 159900
Wood kg 20700

The WT inventory for this study is adopted from Vestas’ report on the manufacturing of V82 1.65 MW
turbines [103]. In this LCA study, the 1.65 MW turbine is used as the functional unit for the WT
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subsystem of the airport hydrogen system. The final CI contributed by the WT subsystem is calculated
by linearly scaling the unit capacity to match the total WT capacity of the system. Table 3-2 presents
the overall BOM in mass for manufacturing a single turbine unit, by adding up the material consumption
for various components including the tower, nacelle, rotor, foundation for the turbine, as well as cables
and transformer station for the BOP. The breakdown of these LCI materials of the WT subsystem
components and BOP can be found in Table A 2 of Appendix A.

3.3.3 Electrolyzer Inventory

Table 3-3. Summary of life cycle inventory of 1 MW PEM electrolyzer functional unit (values
adopted from [104]).

Item Unit Quantity Item Unit Quantity
Aluminum kg 268.94 Oil kg 96.05
Au kg 0.02 PET kg  74.06
CeO, kg 0.03 Polyurethane kg 0.26
Concrete kg 5609.34 PP kg 361.13
Copper kg 351.96 Pt kg 2.39
DI Water kg 17.94 PTFE kg 1.74
Elastomer kg 117.93 SGL Carbon kg 3.63
Electronics kg 96.05 Stainless Steel kg 4422 .33
Ethelene glycol kg 57.63 Steel kg 7491.93
HDPE kg 482.16 Sulfuric acid kg 254.57
Hexanol kg 0.05 Titanium kg 219.77
Iridium kg 2.72 Vulcan XC-72 kg 0.44
Isopropanol kg 152.18 Zeolite kg 96.05
Methanol kg 168.65 Zinc kg 0.29
Nafion kg 19.62
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For the electrolyzer subsystem in this LCA study, the inventory for a 1 MW functional unit is developed
from the work by Iyer et al. [104]. The BOM for the 1 MW unit is summarized in Table 3-3, presenting
the total raw materials used in the production of various components of the electrolyzer stack as well
as its BOP. Table A 3 of Appendix A shows the detailed BOM of electrolyzer stack and BOP
production. In addition to the manufacturing of the electrolyzer stack, the system consumes 9 kg of
water for every 1 kg of hydrogen produced [72]. The treatment of this water to a usable grade also

results in emissions, which are included in the total emissions attributed to the electrolyzer subsystem.

3.3.4 Battery Storage Subsystem Inventory

The inventory for the BESS in this study is based on the GREET model. The GREET model provides
the inventory for a commercial battery storage system of 2.4 MWh, which is used as the functional unit
for the 10 MWh BESS in this study [101]. The battery cell technology in the BESS inventory is assumed
to be Li-NMC, consistent with that used in Chapter 2. Table 3-4 summarizes the BOM by mass for the
2.4 MWh BESS, including the material weights for battery cell manufacturing and the BOP. The BOP
of the BESS consists of the container, battery racks, and cables. The detailed battery inventory is
provided in Table A 4.

Table 3-4. Summary of life cycle inventory of 2.4 MWh BESS functional unit (values adopted
from GREET [101]).

Item Unit Quantity Item Unit Quantity
Acrylic Binder kg 119.89 Graphite kg 2104.60
Active Material kg 3742.67  LiPF6 kg 148.56
Aluminum kg 1565.09  Plastic kg 250.21
Copper kg 1080.96  Polyurethane kg 43.71
Dimethyl Carbonate kg 413.10 Rubber kg 2.61
Electronics kg 71.67 Stainless steel kg 413.10
Ethylene Carbonate kg 413.10 Steel kg 18613.03
Glycol kg 497.81 Thermal Insulation kg 43.00
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3.3.5 Liquefaction Unit Inventory

The LCI for the liquefaction unit in this study is based on the work by Oeveren, who established the
BOM for liquefaction plants with capacities ranging from 125 tpd to 500 tpd [105]. As reported in
Chapter 2 of this work, the liquefaction unit capacities in the hydrogen airport system range from 9.51
tpd to 32.48 tpd across different case studies, which are scaled-down versions of the systems reported
by Oeveren. In this study, the consumption of each material is extrapolated based on the daily
liquefaction capacities from Oeveren’s work to match the capacities reported in the case studies from
Chapter 2. Table 3-5 presents the LCI for the 9.51 tpd liquefaction unit from the RE-Only case study
in Chapter 2, along with data collected from literature [105].

Table 3-5. Life cycle inventory of hydrogen liquefaction system of various capacities.

Unit This study Literature Values [105]
Capacity tpd 9.51 125 250 500
Concrete kg 272937 4307402 7240516 14107621
Carbon Steel kg 332031 499946 904418 2184640
Aluminum kg 14259.3 157800 373150 757950
Copper kg 27476.7 55473 102234 381645
Stainless Steel kg 7742.09 120400 206500 400900

3.3.6 Storage Subsystem Inventory

The LCI of the storage subsystem in this study consists of the following components: a compressor for
GH2 compression, GH2 cavern storage, and an LH2 storage tank. Table 3-6 summarizes the BOM
required for the production of these components. The LCI of the compressor is collected as secondary
data from Burkhardt et al., who reports a detailed LCI for a compressor with a 50-kW capacity [75],
which is used as the functional unit in this study. The impacts contributed by the compressor in the
system described in Chapter 2 are calculated by scaling the functional unit capacity linearly to the

required system capacity.
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The LCI of GH2 cavern storage is estimated as follows in this thesis. The basis for the cavern storage
design is established using dimensions from Papadias and Ahluwalia [32], who described a lined rock
cavern storage system measuring 62 m in diameter and 71 m in height, with a capacity of 500 t of GH2.
The main materials used in lined rock cavern storage are stainless steel lining and concrete. The typical
thickness of the lining is 15 mm [32], and the concrete layer is reported to have a thickness ranging
from 0.8 m to 2 m [32], [106]. For better scalability, this study assumes that the storage structure is a
perfect cylinder, with a constant aspect ratio based on the 62 m by 71 m design described in the
literature, scaling linearly with storage capacity. This study also assumes a concrete thickness of 1 m,
which aligns with the reported range from literature. Table 3-6 shows the sample BOM for the 500-t
cavern storage, estimated using assumption made in this work and dimensions described by Papadias

and Ahluwalia [32].

The material quantity required for the LH2 storage tank is estimated as follows. As mentioned in
Chapter 2, to maintain cryogenic conditions, LH2 storage tanks are commonly designed as double-
layered spherical structures. A detailed LH2 storage tank design is provided in a report by NASA,
which suggests a 1.3 m gap between the inner and outer layers, both constructed with stainless steel
[107]. While the wall thickness is not specified in the NASA report, it is specified by UL 142, which
regulates the design of steel tanks for flammable liquid [108]. According to UL 142, large flammable
liquid tanks with capacities between 50,000 and 76,000 gallons (capable of holding 13 to 20 tons of
LH2) require a wall thickness of 9.27 mm [108]. This study assumes that the LH2 storage tank has a
perfect spherical shape, with double stainless steel layers spaced 1.3 m apart, as described by NASA.
For the tank wall thickness, the study adopts the 9.27 mm specification from the UL 142 standard, as
the storage requirements in the case studies are close to this regulated range. Table 3-6 shows the sample
BOM for a 70,000-gallon LH2 storage tank, calculated using the design described by NASA and the

assumptions made in this report.
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Table 3-6. Life cycle inventories of hydrogen storage system components, Top: Compressor

(adopted from [75]); Mid: GH2 lined rock cavern storage; Bottom: LH2 storage tank.

Item Unit Quantity
Compressor

Steel kg 14012.5
Cast Iron kg 739.8
Copper kg 279.5
Aluminium kg 77.3

PP kg 64.7
Electronics kg 26

GH2 Storage

Concrete kg 85066729

Stainless Steel kg 4036499

LH2 Storage

Stainless steel kg 48538

3.4 Life Cycle Impact Analysis

For this LCA study, we developed an in-house LCA tool that integrates the LClIs of critical components
from the airport hydrogen system described in the previous section with the system configurations
reported in the case studies in Chapter 2. Using this tool, the total weight of each material from the
LCIs for the PV, WT, and electrolyzer is obtained by linearly scaling up the functional unit to meet the

required capacity, while the total weight of different materials involved in the manufacturing of the
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liquefaction unit and the storage components are calculated by inputting the required capacity into the

methods described in section 3.3.6.

For each of these materials, the in-house LCA tool computes their contribution to the life cycle impact
of the on-site hydrogen production system in terms of CI, based on their respective carbon emission
factors, expressed in kg CO:-eq per kg of material used. The carbon emission factors and necessary
assumptions for all materials appearing in the LClIs of this study can be found in Table A 4 of Appendix
A. The life cycle carbon emissions of the hydrogen system are then calculated by summing the

emissions associated with the manufacturing of each component, based on the materials used.

The tool also calculates the CI of the hydrogen produced in the system over its life cycle by dividing
the total system life cycle emissions by the total hydrogen production over the 20 year system lifetime,
where the total hydrogen production is calculated as the product of the annual hydrogen production
reported from the simulation of the case study scenario using the MILP model from Chapter 2 and the
system lifetime. Based on the required analysis, the tool can compute the life cycle CI of well to pump
hydrogen production from the airport hydrogen system, expressed in terms of kg CO2-eq per kg or per
kWh of LH2 produced.

3.5 Results and Discussion

Figure 3-2 shows the life cycle CI of the three renewable-based case studies described in Chapter 2,
with a breakdown of emission contributions from the manufacturing and operation of each component.
The RE-Only case study, which serves as the baseline for this LCA, has a life cycle CI of 2.00 kg CO--
eq/kg LH2. Among the three case studies, the PV-Only scenario has the highest CI at 4.07 kg CO»-
eq/kg LH2, while the WT-Only case has the lowest at 1.47 kg CO2-eq/kg LH2. This makes the PV-
Only scenario not only the most expensive (see Table 2-3), but also the most emission-intensive option.
In all three case studies, it is evident from Figure 3-2 that the manufacturing of RES components
accounts for the majority of the life cycle CI for Hz production, contributing 92% (i.e., 59% from PV,
33% from WT), 94%, and 83% to the CI of the RE-Only, PV-Only, and WT-Only case studies,
respectively. Besides the RES components, another major contributor to life cycle CI is the GH2 storage

system, which accounts for 5% to 13% of the total CI across the various case studies.
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Figure 3-2. Component contributions to life cycle CI for RE-Only, PV-Only and WT-Only case

studies.

To identify the root cause of the high emission intensity from certain system components, the top four
most emission-intensive components are analyzed to examine the contribution of different raw
materials in the manufacturing process. Figure 3-3 shows the CI contributions of various materials for
the functional units of PV panels, WT, GH2 storage, and electrolyzer stacks. Note that materials
contributing less than 0.5% of a component's manufacturing CI are grouped into the 'other materials'
category for better visualization. It is revealed that steel and concrete are the two most Cl-intensive
materials in these components, with steel accounting for 47%, 37%, and 27% of the CI for the
electrolyzer, PV, and WT, respectively, and concrete responsible for 73% of the CI from GH2 storage.
Steel is heavily used in the manufacturing of the core component parts, as well as in the supporting
structures within their BOPs and has a relatively high emission factor of 2.01 kg CO,-eq/kg (see Table
A 4) due to the carbon-intensive steel making process. On the other hand, for GH2 cavern storage, large
amounts of concrete are required for the outer layer of the cavern, making up more than 90% of the
total material weight. This contributes noticeably to life cycle emissions, particularly as storage
requirements increase in the standalone RES technology case studies, despite the relatively low unit CI
of concrete of 0.09 kg CO»-eq/kg (see Table A 4). For the manufacturing of electrolyzer stacks, another
major CI contributor is titanium, which is primarily used for the anode and bipolar plate of the stack,

according to the GREET model [102]. Although titanium accounts for only 1.08% of the total LCI
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weight (including BOP, see Table 3-3), its emission factor is extremely high (36.6 kg CO,-eq/kg from
Table A 4) due to the combustion processes involved in its production [102]. The production of a WT
unit also results in significant carbon emissions from the use of aluminum and copper, mainly for the
cables in the BOP (see Table A 2), as shown in Figure 3-3. Moreover, the crystalline silicon
manufacturing stage for PV panel units consumes a large amount of cooling water (see Table A 1).
Although the carbon emissions associated with processing cooling water are low per unit (see Table A
4), the high volume of consumption contributes significantly to the overall CI of PV panel production,

accounting for 41% of the total.
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Figure 3-3. Material contributions to production CI for the functional unit of Electrolyzer, GH2

storage, PV and WT.

By examining the detailed breakdown of the CI contributions from materials in the LCI of the emission-
intensive components in the hydrogen system, it becomes evident that a high CI contribution does not
necessarily imply that certain technologies, particularly renewable technologies such as PV and WT,
are not environmentally friendly or sustainable. Instead, the carbon emissions are primarily attributed
to the use of fossil fuels in the production processes of certain materials, especially metal-based
materials, which are required to build these technologies. This impact can be reduced over time as
industries increasingly adopt sustainable energy sources in their processes, which would ultimately

improve the carbon footprint of RES technology production and the hydrogen system as a whole.
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The CI results are also compared to values from LCA studies on RES-powered PEM electrolysis
hydrogen production in literature. While most literature focuses on GH2 as the end product, this study
includes the liquefaction stage within the system boundary. As shown in Figure 3-2, the contributions
of liquefaction and liquid storage to the overall CI are very low (0.69% and 0.03%, respectively).
Therefore, the CI values from this study are still being compared to literature values for GH2
production. Table 3-7 summarizes the comparison between values from this study and literature values.
In comparison, the CI results for the PV-Only and WT-Only scenarios align with findings from other
researchers, with the CI value for the WT-Only case study falling closer to the lower end of the reported
range. However, it is observed that the RE-Only scenario in this study reports a higher CI than similar
scenarios in the literature. This variation is likely due to factors such as geographical location, system
boundary definitions, the capacity mix between the renewable technologies and the scale of operations,

all of which can influence the life cycle CI values reported in different studies.

The CI values from the case studies in this work are also compared to those of conventional jet fuel
currently used in the aviation industry to assess the environmental benefits of switching to hydrogen-
based aviation fuel. For consistency, the results are converted from a per-kilogram-of-H: basis to a per-
kWh-of-H: basis: 0.06, 0.12, and 0.04 kg CO2-eq/kWh H: for the RE-Only, PV-Only, and WT-Only
case studies, respectively as shown in Table 3-7. The literature value for the CI of jet fuel is also shown
in Table 3-7. At 0.32 kg CO2-eq/kWh jet fuel, the CI of current aviation fuel is 3 to 8 times higher than
that of on-site produced hydrogen fuel at airports in this study. These results demonstrate the
environmental advantages of adopting hydrogen as an alternative aviation fuel, especially given the
potential for further reductions in life cycle emissions through improvements in manufacturing

processes and increased operational scale.
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Table 3-7. Summary of life cycle CI comparison between this study and: Top, literature values

per kg H:; Bottom, jet fuel on a per kWh basis.

CI Unit Grid Mix Product  Sources

2.00 kg CO:-eq/kg H2 PV+WT  LH2 This study

4.07 kg CO2z-eq/kg H2 PV LH2 This study

1.47 kg CO2-eq/kg H2 WT LH2 This study

1.05-1.57 kg CO:-eq/kg H2 PV+WT GH2 Garcia et al. [77]

4.07 kg CO:z-eq/kg H: PV GH2 Vilbergsson et al. [109]
9.37 kg CO:z-eq/kg H: PV GH2 Iyer et al. [73]

2.75 kg CO:z-eq/kg H: PV GH2 Hermesmann and Miiller [70]
1.58-2.95 kg CO2-eq/kg H PV GH2 Al-Ghussain et al. [ 78]
3.1 kg CO2-eq/kg H2 PV GH2 Al-Qahtani et al. [69]
1.99-7.1 kg CO2-eq/kg H PV GH2 Garcia et al. [77]
0.35-1.9 kg CO2-eq/kg H2 WT GH2 Al-Ghussain et al. [78]
0.86 kg CO2-eq/kg H2 WT GH2 Al-Qahtani et al. [69]
0.85-2.2 kg CO2-eq/kg H2 WT GH2 Garcia et al. [77]

CI Unit Grid Mix Product  Sources

0.06 kg CO2-eq/kWh H: PV+WT  LH2 This study

0.12 kg CO2-eq/kWh H: PV LH2 This study

0.04 kg CO2-eq/kWh H: WT LH2 This study

0.32 kg CO2-eq/kWh jet fuel - Jet fuel Jing et al. [110]

3.6 Conclusion

The well-to-pump LCA of the renewable energy-based case studies found that the life cycle CI ranges
from 1.47 to 4.07 kg CO2-eq/kg Hz, with the PV-Only case identified as the least favorable option for
an on-site hydrogen production system at Toronto Pearson Airport in Ontario, Canada in terms of life
cycle environmental impacts. The analysis indicates that RES components and cavern storage are
among the major contributors to the life cycle CI of hydrogen fuel production. A closer examination of

the LCI emissions of these top contributors suggests that the high CI is primarily due to fossil fuel
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consumption during material processing, which is an impact that is expected to decline in the future
with the increasing adoption of sustainable energy sources across industries. Furthermore, the life cycle
CI of hydrogen production in the case study configurations shows a 3 to 8 times reduction compared to
that of current jet fuel, highlighting the environmental benefits of adopting hydrogen as an aviation

fuel.
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Chapter 4 Conclusion and Future Work

4.1 Conclusion

The first project of the thesis, presented in Chapter 2, addresses the early adoption of hydrogen-based
commercial aviation in Canada, using a MILP model developed to optimize the sizing of airport
hydrogen infrastructure, including on-site production, storage, and refueling of hydrogen-powered
aircraft. In the grid-connected 2025 Base Case, the LCOH is estimated to be US$7.45/kg LH2, similar
to literature-reported values. The Base Case results also show that RES provide the majority of the
system’s energy. The use of GH2 cavern storage system allows for bulk storage and enables better RE
utilization across different seasons. Sensitivity analyses highlight that system design and economics are
highly influenced by the unit costs of the electrolyzer, GH2 storage, PV, and WT. Significant unit cost
increases can lead to entirely different configurations and operation strategies, while unit cost
reductions, especially in the electrolyzer, greatly improve system viability. Scenarios using a single
RES technology without grid support lead to much higher LCOH due to the limitations of individual
technologies, though combining PV and WT improves utilization and curtailment while achieving a
similar LCOH to the Base Case. Looking ahead, the 2050 Case reflects technological advancements
and cost reductions, leading to nearly full grid independence. These cost declines enable larger PV and
electrolyzer, increasing by 41.4% and 51.4%, while reducing overall system cost by 44.2%. As a result,

the LCOH drops to US$4.43/kg LH2, or US$0.13/kWh, showing competitiveness with jet fuels.

The second focus of this thesis is presented in Chapter 3, which examines the environmental impact of
on-site hydrogen production at the airport. The well-to-pump LCA of the renewable energy-based case
studies from Chapter 2 shows life cycle CI ranging from 1.47 to 4.07 kg CO:-eq/kg LH2, with the PV-
Only case having the highest impact and WT-Only being the most environmentally favorable. Major
sources of carbon emissions include RES components and cavern storage, primarily due to fossil fuel
use in material processing. This highlights the need for clean energy adoption across other industries in
parallel with hydrogen-based aviation to achieve greater sustainability. Overall, the LH2 production in
the case studies show a 3 to 8 times lower CI than current jet fuel, demonstrating strong environmental

benefits of hydrogen-based aviation.

Case studies on the economics and carbon emissions reported in Chapter 2 and Chapter 3, respectively
can provide additional insights when considered together. Between the two renewable technologies,

PV panels appear to be the cheaper option in terms of unit cost per kW ($650/kW). However, powering
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hydrogen production using a standalone PV configuration emerges as the least viable option in the case
study of Toronto Pearson Airport in Ontario, Canada, due to its weak economic feasibility and poor life
cycle emissions. This underperformance is primarily attributed to the inconsistent production patterns
of PV, which necessitate significantly larger system capacities for all components. This, combined with
its high life cycle emission contribution, ultimately leads to higher costs and life cycle emissions. The
WT-Only configuration, on the other hand, is among the more expensive options in the case studies
using 2025 techno-economic parameters, but it offers the lowest life cycle emissions. This indicates a
potential trade-off between sustainability and economic feasibility, which should be considered when

making decisions about the optimal early-stage on-site hydrogen production strategy at an airport.

4.2 Limitation and Future Work

The airport hydrogen system modeling analysis relies on data interpretation from multiple data sources,
which may involve assumptions or approximations due to gaps in publicly available or high-resolution
data. In particular, the parameters regarding the future techno-economic case are subjected to the
limitations in the projection of technology costs and more importantly, technological development.
Moreover, more technical details of liquefaction technology operation would benefit the modelling
accuracy on the liquefying process. These assumptions might affect the accuracy of estimating the cost

and technical availability of the technology involved in the airport hydrogen system.

This study assumes a fixed flight schedule to represent hydrogen demand, which simplifies the
modeling but may not reflect realistic operational dynamics. Incorporating a more detailed and variable
flight schedule would enable the development of a more realistic model and the optimization of the
system’s operational strategy. Additionally, the analysis relies on the most recent RES generation
profile, without accounting for historical variability. Future work should include a more generic RES
profile that incorporates uncertainties and fluctuations observed in historical data to improve the

robustness of the results.

Furthermore, the current study adopts MILP to model the airport hydrogen system, where the
constraints representing the energy flow and component operation are in linear relationships, which
may not fully capture the complex interactions between subsystems. For example, the electrolyzer
efficiency varies at different power load in an non-linear relation. These limitations can lead to
inaccuracies in simulating system performance, especially under variable and uncertain operating
environments. Future research could adopt a non-linear optimization framework to represent the energy
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flows more accurately and support the development of a more dynamic and realistic system
optimization model. Such an approach would allow for a more faithful representation of the physical
and operational characteristics of each subsystem, enabling better decision-making in the design, sizing,

and real-time operation of the integrated energy system.

For the LCA on the airport hydrogen system, the current study considers only CI as the evaluation
metric for the life cycle impacts of the airport hydrogen system, which limits the scope of sustainability
assessment. Future study can be conducted with a more comprehensive analysis including other
commonly used indicators such as life cycle energy consumption, acidification, radiation, human
toxicity, and land use. These factors are especially important given the involvement of PV, WT and the
electrolyzer which, despite their low emissions during operation, have notable upstream impacts related
to material extraction, manufacturing, and land requirements. Including these additional metrics would
provide a more holistic understanding of the system’s environmental performance and support more

informed decision-making in future design and policy work.

The current LCA study adopts a Well-to-Pump system boundary, focusing solely on the life cycle
impacts of hydrogen production from the airport hydrogen system. This approach excludes downstream
processes such as aircraft operation and manufacturing, which are critical components of the full
aviation value chain. To provide a more comprehensive assessment of hydrogen-based aviation, future
work should expand the system boundary to include these additional stages. This would offer a clearer
picture of the overall environmental impacts during early adoption and better inform comparisons with

conventional aviation fuels.

Moreover, future work should incorporate optimization efforts that jointly consider both techno-
economic performance and environmental impacts. Results from this study have shown that certain
configurations, such as the WT-only case, perform well in terms of life cycle CI but rank among the
more expensive options from a cost perspective. This highlights the trade-offs between sustainability
and economic feasibility in system design. To address this, a multi-objective optimization framework
could be developed to identify system configurations that offer a more balanced performance across
both environmental and economic criteria. This would enable more informed decision-making by
revealing the trade-offs and potential alignments between economic and environmental objectives,
ultimately helping to identify system configurations that are both sustainable and cost-effective for

hydrogen infrastructure development.
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Factors
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Table A 1 Detailed life cycle inventory of material requirements of different stages of PV panel

production and BOP.

Item Unit Weight
PV Panel m2 1
Wafer m2 1.03
Front Metallization paste kg 0.0034
Back Metallization paste kg 0.0011
Al Metallization paste kg 0.06
Ammonia kg 0.02
Phosphoryl chloride kg 0.01
Isopropanol kg 0.18
Hydrochloric acid kg 0.00
Hydrogen flouride kg 0.00
Sodium hydroxide kg 0.60
Lime kg 0.02
Nitrogen kg 1.15
Silane kg 0.00
Water kg 171.00
Electricity kWh 17.70
CO2 kg 0.17
Wafer m2 1

CZ Silicon kg 0.56
Glass kg 0.01
Sodium hydroxide kg 0.02
Hydrochloric acid kg 0.00
Acetic acid kg 0.04
Dipropylene glycol monomethyl ether kg 0.30
Alkylbenzene sulfonate kg 0.24
Acrylic acid kg 0.00
Brass kg 0.01
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Chromium steel kg 0.00
Steel kg 0.01
Electricity kWh 4.76
Natural gas MJ 4.00
Water kg 55.60
CZ Silicon kg 1.00
Silicon kg 1.00
Argon kg 1.00
Hydrogen flouride kg 0.01
Nitric acid kg 0.07
Sodium hydroxide kg 0.04
Ceramic kg 0.17
Lime kg 0.02
Electricity kWh 32.00
Natural gas MJ 68.20
Water kg 5100.00
BOP m2 1.00
PP kg 0.04
Steel kg 42.00
Zinc kg 2.62
Concrete kg 49.16
Polyurethane kg 0.46
Glass kg 0.01
Acrylic acid kg 0.01
Copper kg 0.63

Inventory of the manufacturing of the PV panel, wafer, and

CZ silicon are adopted from the IEA report [100].

The BOP data is adopted from GREET [101].
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production and BOP.

Table A 2. Detailed life cycle inventory of material requirements of different parts of WT

Item Unit Weight
Tower

Steel kg 16100
Aluminum kg 2600
Electronics kg 2200
Plastic kg 2000
Copper kg 1300
Oil kg 1000
Nacelle

Cast Iron kg 18000
Steel kg 19300
Stainless steel kg 7800
Fiberglass kg 1800
Copper kg 1600
Plastic kg 1000
Aluminum kg 500
Electronics kg 300
Oil kg 300
Rotor

Cast Iron kg 11300
Steel kg 5700
Fiberglass kg 25200
Foundation

Concrete kg 805000
Steel kg 27000
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Cables

Aluminum kg
Plastic kg
Copper kg
Transformer

Steel kg
Copper kg
Oil kg
Wood kg

63400
55200
30900

91800
24000
37800
20700

Values of this table are adopted from Vestas’ report [103].
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Table A 3. Detailed life cycle inventory of material requirements of different parts and BOP of

PEM electrolyzer stack.
Item Unit Weight
Main Stack
SGL Carbon kg 3.63
PTFE kg 0.57
Methanol kg 2.39
DI Water kg 2.39
Vulcan XC-72 kg 0.44
Titanium kg 56.72
Polyurethane kg 0.26
Zinc kg 0.29
Pt kg 0.23
PTFE kg 0.89
Nafion kg 16.10
DI Water kg 1.45
Hexanol kg 0.05
Isopropanol kg 152.18
Methanol kg 152.15
Iridium kg 2.72
Methanol kg 14.11
DI Water kg 14.11
Nafion kg 3.52
Ce0O2 kg 0.03
Pt kg  2.13
Titanium kg 163.05
PP kg  45.58
Sulfuric acid kg 254.57
Au kg 0.02
Pt kg 0.02
PET kg 11.73
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Elastomer
HDPE

HDPE

PET
Elastomer
Stainless Steel
HDPE
Copper
HDPE

PP

Stainless Steel
Stainless Steel
Stainless Steel

PTFE

BOP

Steel
Concrete
Stainless Steel
PP

HDPE
Copper
Aluminum
Elastomer
Oil

Zeolite
Electronics

Ethelene glycol

kg 266

kg 1701
kg 3.79

kg 6233
kg 0.0l

kg  85.95
kg  0.06

kg 618

kg 026

kg  8.19

kg 0.17

kg 023

kg 1372
kg 028

kg 7491.93
kg 5609.34
kg 432227
kg  307.36
kg  461.04
kg 34578
kg  268.94
kg 11526
kg  96.05
kg  96.05
kg  96.05
kg  57.63

Values of this table are collected from Iyer et al. [104]
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Table A 4. Detailed life cycle inventory of material requirements of battery cell and BOP of

battery energy system.

Item Unit Weight
Main Stack

Active Material kg 3742.67
Graphite kg 2104.60
Acrylic acid kg 119.89
Copper kg 1025.59
Aluminium kg 1565.09
LiPFs kg 148.56
Ethylene Carbonate kg 413.10
Dimethyl Carbonate kg 413.10
Plastic kg 250.21
Steel kg 1846.58
Stainless steel kg 413.10
Rubber kg 2.61
Thermal Insulation kg 43.00
Glycol kg 497.81
Electronics kg 71.67
Container

Steel kg 19279.04
Racks

Steel kg 14459.28
Cable

Copper kg 153.37
Polyurethane kg 107.13

Values of this table are collected from GREET [101].
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Table A 5. Emission factor database of materials involved in the LClIs of airport hydrogen

system components.

Item COz-eqkg/kg Note Ref
Acetic acid 0.36 a
Acrylic acid 4.88 a
Active material 19.49 Assume NMC(111) a
Al Metallization paste 4.44

Alkylbenzene sulfonate 3.56 Assume from petroleum b
Aluminium 5.31 Assume extruded AL from GREET a
Ammonia 1.96 a
Argon 0.00 Data unavailable

Au 108.79 a
Back Metallization paste 58.24 a
Brass 3.11 a
Carbon Steel 2.01 Assume Steel a
Cast Iron 0.39 a
Ce02 17.63 Available on GREET a
Ceramic 0.82 Assume as Procelain on Greet a
Chromium steel 10.91 Assume Fe-24% Cr Alloy a
CcO2 1.00 a
Concrete 0.09 a
Copper 2.77 a
Di Water 0.80 c
Dimethyl Carbonate 0.09 a
DGME 4.32 Assume glycol a
Elastomer 3.23

Electricity 0.39 d
Electronics 2.56 a
Ethelene glycol 4.32 Assume glycol a
Ethylene Carbonate 0.02 a
Fiberglass 1.48 a
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Front Metallization paste
Glass

Glycol

Graphite

HDPE

Hexanol
Hydrochloric acid
Hydrogen flouride
Iridium
Isopropanol

Lime

LiPF6

Methanol

Nafion

Natural gas

Nitric acid
Nitrogen

Oil

PET

Phosphoryl chloride
Plastic
Polyurethane

PP

Pt

PTFE

Rubber

SGL Carbon
Silane

Silicon

Sodium hydroxide
Stainless Steel

Steel

72.09
1.42
4.32
3.33
0.94
0.53
0.80
1.35
108.79
0.53
1.14
8.13
0.33
1.02
0.06
0.61
0.14
2.82
1.83
3.39
1.88
245
1.26
24.17
6.72
3.23
14.40
29.70
27.50
0.83
0.68
2.01

81

Assume isopropanol

Same as Mylar in GREET model

Assume PVC

Assume US solar grade silicon



Sulfuric acid 0.04

Thermal Insulation 1.64
Titanium 36.95
Vulcan XC-72 2.38 Assume Carbon black
Water 0.03 Assume tap water
Wood 0.00
Zeolite 0.00 Data unavailable
Zinc 2.04
a. These data values are adopted from the GREET database [101].
b. The emission factor of Alkylbenzene sulfonate is adopted from [111].
c. These values are presented in [112].
d. The value is collected from [113].

82



Appendix B. Supplementary Sensitivity Analysis Results

&3



Table B 1. Results of liquefaction unit sizing, LH2 storage capacity and EIS from sensitivity

analyses.

Unit cost of GH2 20

storage ($/kg) (Base) 40 80 160 320 500

Liquefaction (tpd) | 14.19 14.19 1419 1419 1419 14.19
LH2 Storage (t) 3.42 3.42 3.42 3.42 3.42 3.42

EIS 0.80 0.70 0.67 0.61 0.60 0.57
Electrolyzer o o 70% o
Efficiency 50% 60% (Base) 80%

Liquefaction (tpd) | 14.19 14.19 14.19 14.19
LH2 Storage (t) 3.42 3.42 3.42 3.42

EIS 081 080 080  0.79
elecltjr“:ltycz‘ésrt (‘;kg) +50% +40% +30% +20% +10% 2:22 0% 20%  -30%  -40%  -50%
Liquefaction (tpd) | 1419 1419 1419 1419 1419 1419 1419 1419 1419 1419 14.19
LH2 Storage (t) | 3.42 342 342 342 342 342 342 342 342 342 342
EIS 054 054 054 054 061 08 08 083 08 086 098
U““&‘;;‘g‘)’f PVl 150%  +40%  +30%  +20% +10% 2:22 0% 20%  -30%  -40%  -50%
Liquefaction (tpd) | 1419 1419 1419 1419 1419 1419 1419 1419 1419 1419 14.19
LH2 Storage (t) | 342 342 342 342 342 342 342 342 342 342 342
EIS 047 050 052 053 066 080 081 082 084 085 094
Unit :;lsl:g")f WT | 150%  +40% +30% +20% +10% g::z 0% 20%  -30%  -40%  -50%
Liquefaction (tpd) | 1419 1419 1419 1419 1419 1419 1419 1419 1419 1419 14.19
LH2 Storage (t) | 342 342 342 342 342 342 342 342 342 342 342
EIS 030 034 044 050 052 080 081 084 08 098 095
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