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Providing Electricity and Hydrogen as Aviation Fuels
A 2050 Case Study at Goteborg Landvetter Airport
ARBANA BRATI & HANNA PETTERSSON
Department of Space, Earth and Environment
Chalmers University of Technology

Abstract

This thesis investigated the direct and indirect electrification of Géteborg Landvetter
Airport through the use of battery-electric and hydrogen powered aircraft, where
both onsite production and import of green hydrogen and electricity were taken into
consideration. More specifically, this thesis investigates how the expected hydrogen
and electricity demand could be supplied. Additionally, the key parameters that
affect the energy system’s behavior were examined by performing a sensitivity
analysis. The energy system modeled in GAMS included alkaline water electrolysis,
liquefaction, storage of electricity and hydrogen, compression of hydrogen, import
of hydrogen through pipeline and trucks and local electricity production via wind
power and solar PVs. The results showed that electricity for recharging of aircraft
can be supplied at an average marginal cost of 49 €/MWh while gaseous and liquid
hydrogen can be supplied at an average marginal cost of 53-54 €/MWh and 74-
78 €/MWHh respectively. The cost optimal solution always included an electrolyzer
located onsite that produced the majority of hydrogen. The total system cost was
also found to be highly dependent on local wind power and an increased connection
to the electricity grid. Moreover, the hydrogen storage with the largest impact on
the total system cost was the cryogenic tank which enables operation at maximum
load for the liquefaction plant during more hours of the year.

Keywords: Aviation, Hydrogen, Hydrogen storage, Electrification, Energy system
modeling, Linear programming, Liquefaction, Water electrolysis
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Nomenclature

This section will present the nomenclature of sets, parameters and variables that
have been used throughout this thesis.
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Set of timesteps, all hours of the year
Set of technologies
Set of storages
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Charge rate of storage

Discharge rate of storage

Electricity consumption per unit energy of hydrogen
Specific energy

Discount rate

Annuity factor
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Variable operational and maintenance cost
Fixed operational and maintenance cost
Electricity price

Hydrogen gas price

Capacity factor of electricity generation technologies
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Total electricity demand for charging of BEA
Fixed electricity demand for charging of BEA
Flexible electricity demand for charging of BEA
Refueling demand of gaseous hydrogen
Refueling demand of liquid hydrogen

Reset profile for flexible night charge
Availability profile for flexible night charge

Export of electricity

Produced electricity or hydrogen from technologies
Feed hydrogen from point B to liquefaction

Feed hydrogen from point D to liquefaction
Hydrogen from point C to D (bypassing LRC)
Hydrogen from point E to F (bypassing Hy tank)
Hydrogen from point G to H (bypassing LH, tank)
Recirculated boil-off sent for liquefaction

Capacity of technologies

Capacity of storage

State of charge for storage

Charge of storage
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1

Introduction

Since the industrialization, the Earth’s average temperature has increased by 1 °C,
caused by the elevated emissions of greenhouse gases to the atmosphere, as a result
of human activities [1]. The growing concerns about climate change have led to the
Paris Agreement, an international contract urging to take action in order to decrease
the pace of global warming. In the Paris Agreement, it is stated that the Earth’s
average temperature increase prior the industrial revolution should be limited to
well below 2 °C [1]. However, by limiting the global warming to the more ambitious
target of 1.5 °C shows a significant reduction of climate change effects [1].

To be able to fulfill the temperature targets, the carbon emissions need to be
significantly reduced [1]. One considerable source of anthropogenic carbon emission
comes from the aviation sector, which stands for 2-4% of the total global carbon
emissions. Since aviation is expected to continue to grow by 3-5% per year, it places
pressure on decarbonizing the aviation industry [2]. One of the companies that is
facing this challenge is the Swedish state-owned company Swedavia AB, which has
set goals to enable the transition toward fossil-free airports [3].

The Swedish company Swedavia AB owns and operates 10 of the airports in Sweden,
whereof 4 ot them are international airports [3]. To be able to reduce the emissions,
Swedavia AB has set up goals for the company to path the way for a transition
to decarbonize the aviation industry. Two of the set goals are that all domestic
flights should be fossil-free in 2030 and in 2045 all flights departing from an airport
operated by Swedavia AB should be fossil-free. To be able to fulfill these goals,
options like hydrogen, batteries and fossil-free jet fuels are part of the strategic plan
[4]. In 2020 Swedavia AB became the first airport operator to be fossil-free in their
own operation. Some of the measures taken were green electricity, hydrotreated
vegetable oil (HVO) and biogas for vehicles and reserve power [5].

This paper will delve into the direct (battery-electric) and indirect electrification
(hydrogen production) of Goéteborg Landvetter Airport operated by Swedavia AB
which is Sweden’s second largest international airport. In 2023, Géteborg Landvetter
Airport offered direct flights to 80 destinations and had around 5.2 million travelers
[3]. During the climate conference COP28 in 2023, Goteborg Landvetter Airport
was one of the first airports among 9 others, to receive level 5 of the Airport Carbon
Accreditation (ACA) certification [6]. This indicates, among other things, that the
airport has currently reduced their own greenhouse gas emissions with at least 90%
and has a well-established plan to achieve reduction targets and reach net zero
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emissions at latest 2050 [7].

There are multiple ways of decarbonizing the aviation sector, e.g. through the use
of batteries, hydrogen fuel cells, combustion of hydrogen and sustainable aviation
fuels (SAF) [8]. SAF is a broad term, which often is defined as a fuel which aims to
replace the conventional jet fuel, kerosene, with synthetic fuels or biofuels. Synthetic
fuels are generally produced from carbon dioxide and hydrogen while biofuels can be
produced from a wide range of feedstocks such as forest- and agriculture residues,
food waste, fats and oils [9]. SAF commonly refers to a drop-in fuel, that is so
chemically similar to kerosene that it can replace up to 50% of conventional jet fuel
without modifications to the engine [10]. This is the definition used when referring
to SAF throughout this thesis. SAF is technically not limited by distance and can
be used for a broad distance range. However, it is currently limited by its cost
competitiveness to conventional jet fuel and biomass resources [11].

Battery-electric aviation has the benefits of no emissions during flight and high
energy efficiency. However, it is limited in flight range due to a high weight-to-
energy ratio of batteries [8]. To increase the flight range when electrifying the
aviation industry, indirect electrification in form of hydrogen can be an option since
it has the advantage of a high specific energy. Hydrogen can be produced through
water electrolysis by applying electrical current. It can be used for aviation either
via fuel cells or combustion of hydrogen [8]. In the case of hydrogen fuel cells, the
hydrogen is converted to electricity which is used for driving the electric motor.
This option has the potential of reducing the COg ¢y by 75-90% in relation to fossil
jet fuel, where the remaining emissions are caused by water vapor and contrails
[8]. Hydrogen can also be combusted in a turbine to generate propulsion, where
the COgeq can be reduced by 50-75%. Hydrogen combustion has a higher climate
impact than fuel cells due to the formation of NOy as well as contrails [8]. Since
hydrogen is applicable for a wide range of flight distances, it can potentially be one
of the main technologies to decarbonize the aviation industry [8].

Swedavia’s plan on decarbonizing the aviation industry with electrification, both
directly by batteries and indirectly with hydrogen, will result in a large electricity
demand. In this study, the case of Goteborg Landvetter Airport will be considered.

1.1 Aim

The aim of this thesis is to investigate how the electricity and hydrogen demand
can be fulfilled at Goteborg Landvetter Airport by considering the option of onsite
production and import of electricity and hydrogen. In both cases the liquefaction
will take place onsite. The increased electricity demand will consider the water
electrolysis, compressors, hydrogen liquefaction and the recharging of electric planes.
More specifically, this thesis will investigate the following research questions:

o What is the expected demand of hydrogen and electricity in order to
decarbonize the current aviation traffic departing from Goteborg Landvetter
Airport?

o How can the predicted electricity and hydrogen demand be fulfilled?
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1.2 Limitations

This project will consider the following limitations:

For the onsite production, the project is limited to investigate hydrogen
produced through electrolysis and will not investigate other production
alternatives.

Imported hydrogen should originate from Sweden only.

It is assumed that the increased electricity demand at Goteborg Landvetter
Airport will not affect the electricity prices in SE3.

The liquefaction process will only be performed onsite.
Hydrogen production to produce synthetic fuels will not be taken into account.

Onsite is defined within the energy system that is to be modeled. The exact
distance between the onsite technologies and airport will be determined by
safety regulations which is outside the scope of this project.

Potential risks of implementing the technologies near the airport are not
investigated in this thesis.
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2

Theory

The following chapter will present the theoretical background behind the electric
and hydrogen powered aircraft as well as the technology units relevant for this
project. Here including, water electrolysis (2.1.1), liquefaction (2.1.2), storage
(2.1.3), compression (2.1.4) and import of hydrogen (2.1.5) as well as electricity
storage and production (2.2).

2.1 Hydrogen for Aviation

Hydrogen has a low volumetric density and therefore needs to be compressed or
liquefied in order to increase the density, where the highest energy per volume is
obtained in liquid state [12]. In a study by Prewitz, Bardenhagen and Beck [12], it
can be seen that a theoretical fuel tank with a volume of 20 m?® could reach flight
distances of approximately 1850 km with an on-board storage pressure of 700 bar.
However, the challenge of integrating this volume on-board needs to be solved [12].
In a study by Mukhopadhaya [13], retrofit options of ATR 72 turboprop aircraft are
investigated for both compressed hydrogen at 700 bar as well as liquid hydrogen.
The results showed that ATR 72 could reach a flight range of approximately 1000
km. This is however reached with 42 passengers in comparison to the 78 passenger
in the non retrofitted option of Jet Al [13]. In the same study, the retrofit for
liquid hydrogen reaches flight ranges of approximately 1750 km with 42 passengers
[13]. According to the study by Smith and Mastorakos [14], liquid hydrogen can
reach flight distances of up to 6000 km with 204 passengers by 2050 [14]. Another
study preformed by Mukhopadhaya [15], estimates that liquid hydrogen will likely
be cheaper than synthetic e-kerosene for routes up to 3400 km for passenger flights
with up to 165 passengers.

2.1.1 Water Electrolysis

The majority of produced hydrogen in the world is currently being used in ammonia
production, methanol production and oil refining [16]. About 95% of all hydrogen is
generated through utilization of fossil fuels [17], primarily natural gas, coal and heavy
oils [18]. The most common production method is steam methane reforming (SMR)
which accounts for roughly 50% of all hydrogen production [19]. Other common
production routes are partial oxidation of hydrocarbons, coal gasification [17] and
hydrocarbon pyrolysis [18]. Hydrogen has also in recent years gained significant

5
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attention for new applications. It has a high specific energy and it generates carbon
free electricity through reaction with oxygen [18]. However, due to heavily increased
anthropogenic greenhouse gas emissions which directly impact the environment and
climate, new sustainable and non-carbon based production routes for hydrogen have
to be implemented.

One of the most promising production alternatives for hydrogen is water electrolysis
that utilizes renewable energy [16] which in the literature is frequently denoted as
green hydrogen [20]. Water electrolysis is a process where the non-spontaneous
formation of hydrogen from water is induced by applying electrical current [16].
Hydrogen is produced at the cathode and oxygen is produced at the anode. Between
these two electrodes, there is always an electrolyte to enhance the flow of ions which
is the main factor that sets apart different electrolyzer technologies [18].

Solid oxide electrolyzers (SOE) are still under development and successful scalability
has yet to be proven [20]. The electrodes are made of pure nickel while the electrolyte
is made of solid ceramic membrane where the ionic agents O®" pass through [16].
The operating temperatures commonly vary between 900-1000 °C which is relatively
high compared to other electrolyzer technologies. Higher operating temperatures
yield higher conversion efficiency of up to 90% at a lower electricity input, but it
also translates into a higher electrolyte degradation [16]. The cold start-up time was
estimated to be 10 hours year 2020 and is predicted to reach 5 hours by year 2050
[21]. However, due to the high operating temperature range, SOE is assumed to be
inapplicable for Goteborg Landvetter Airport.

Proton exchange membrane electrolyzer (PEM) is a more mature technology than
SOE [20]. This technology produces hydrogen at lower temperatures ranging
between 70-90 °C. The electrolyte consists of a membrane made of fluorosulfonic
polymers where the ionic agents H™ flow through. The catalysts used at the
electrodes are platinum and iridium oxide [16]. This system has higher efficiency
than alkaline electrolyzers because of higher reaction kinetics at the cathode due
to acidic conditions. It is possible to produce pressurized hydrogen of 50 bar and
higher, but it is currently considered challenging [21], [22]. Moreover, this system
has expensive components [20] and a significant difficulty in scalability for larger
applications [16]. The cold start-up time was estimated to be 30 seconds year 2020
and is predicted to reach 12 seconds by year 2050, which opens up the opportunity
of offering ancillary services [21]. However, it is assumed that the airport will not
offer ancillary services to the electricity grid, making PEM a less cost competitive
choice.

Alkaline water electrolyzers (AE) is the most used electrolyzer technology in large
industrial scale [20] and the only technology considered for hydrogen production
in this thesis. The electrode materials constitute of nickel and cobalt oxides while
the electrolyte solution is most often liquid potassium hydroxide [16]. The ionic
agents are OH™ that flow through a ceramic oxide diaphragm installed between the
anode and cathode [18]. The operating temperatures are in the range of 65 °C to
100 °C and the conversion efficiency is most commonly between 60% and 80%. In
order to reach high hydrogen purity, gas separators, gas scrubbers and gas purifiers
are required, thus increasing the system’s required area [23]. The main drawback

6
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with these electrolyzers is the potential corrosion that can arise at the electrodes
due to the alkali conditions [16]. The alkaline electrolyzer can produce hydrogen at
the same pressure as the operating pressure, where the operating pressure often is
between 1 atm and 30 bar [21], [22]. The cold start-up time was estimated to be 80
minutes year 2020 and is predicted to be less than 30 minutes by year 2050 [21].

Generally, the water that will be sent into the electrolyzer must be ultrapure in
order to prevent contamination of the cell that can arise due to water impurities [23].
Thus, the electrolyzer will be coupled with a water treatment plant as significantly
large quantities of ultrapure water are required for the electrolysis process. Based
on the mass ratio between water and hydrogen gas, 9 kg of ultrapure water will be
needed for 1 kg of hydrogen gas to be produced. Depending on the water source,
different treatment procedures will be implemented and therefore different volumes
of extracted water are needed [23].

The amount of oxygen produced from the electrolysis is 8 kgo, /kgy,. The oxygen
and excess heat produced by the electrolyzer can be utilized in various ways.
Oxygen can be used in paper and pulp mills, steel industry, oxyfuel carbon capture
technologies etc., while excess heat can be utilized for district heating [23].

2.1.2 Liquefaction

Hydrogen can be liquefied before application in aircraft in order to increase the
density of the fuel. At normal conditions, which are defined as a temperature of 20
°C and absolute pressure of 1 atm, gaseous hydrogen has a density of 0.0899 kg/m?
while liquid hydrogen has a density of 70.8 kg/m3. This means that a tank with
liquid hydrogen holds 787 times more hydrogen than an equally sized tank filled
with gaseous hydrogen [20]. At ambient pressure, liquefaction of hydrogen occurs
at -253 °C, which is in the cryogenic temperature range. One major drawback
of hydrogen in liquid form is the boil-off losses that depend on the exothermic
conversion process of ortho-hydrogen into para-hydrogen. Para- and ortho-hydrogen
are the two spin isomers of molecular hydrogen [24]. In order to obtain a long-term
storage of liquid hydrogen with minimal losses, the para-hydrogen concentration
should be in the range of 95% and 98% after the liquefaction process. Higher content
of para-hydrogen is achieved through a catalytic conversion [24].

The majority of the commercial liquefaction plants are based on the Claude cycle
[25]. The gaseous hydrogen feed is first pressurized in a two compressor step in
order to perform the process as efficiently as possible. The cycle then proceeds with
pre-cooling where hydrogen is cooled down to 80 K in an isobaric heat exchanger
using liquid nitrogen as cooling load. Thereafter, cryogenic cooling is carried out
in a refrigeration system consisting of three heat exchangers where the temperature
decreases below 30 K. Here, impurities are removed via adsorption and a catalytic
conversion of ortho-hydrogen to para-hydrogen is performed. Finally, the onsite
liquefaction process continues with an adiabatically isolated expansion where liquid
hydrogen is obtained [25]. The expansion process is performed in two steps, the
first step uses an istentropic expander and the second step utilizes two isenthalpic
throttles. The isentropic expander helps the process to reach a higher temperature
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reduction in comparison to only using isenthalpic throttles, thus increasing the cycle
efficiency [25].

The energy consumption of the current liquefaction plants is in the range of 10-
20 kWhg /kgn, [26]. However, new research is aiming at reducing the energy
consumption down to 6 kWh,/kgp,. One of the most researched cycles is the mixed
refrigerant cycle that has the advantage of a wider temperature range than a single
refrigerant. Subsequently, the process can be supplied with cooling load over an
extended temperature interval resulting in higher exergy efficiency [25].

The Argonne National Laboratory has developed a model where different hydrogen
delivery scenarios are compared [27]. The Hydrogen Delivery Scenario Analysis
Model (HDSAM) is frequently used in reports published by the Department of
Energy (DOE) in USA. Moreover, HDSAM has derived a cost function for the capital
cost of liquefiers by retrofitting the cost of different industrial liquefaction plants [26]
and is presented in Appendix B. A function estimating the electric consumption of
the liquefaction plants (er,,) was obtained in a similar way and is presented in
Equation 2.1. Here, Capr;, is the capacity of the liquefaction process and should be
expressed in terms of tonnes per day (tpd).

ELig = 13.382 - Cappy,! (2.1)

2.1.3 Hydrogen Storage

The following section will present different types of storage technologies relevant
for this project for both liquid and gaseous hydrogen, more specifically Lined Rock
Cavern (LRC), pressurized vessels and cryogenic tank.

Liquid Hydrogen Storage

Liquid hydrogen storage has the advantage of high energy density. Hydrogen
has also a low boiling point, thus needing cryogenic environment for storage in
liquid phase. Cryogenic hydrogen tanks are described to have double walls with a
thermal insulation between the inner and outer wall which is obtained by applying
vacuum [28]. This specific set-up minimizes heat losses and increases efficiency.
However, boil-off losses will still occur (up to 5% per day) making vessel design
an important aspect [25]. The main objective is to reduce the surface-to-volume
ratio of liquid hydrogen which is obtained if spherical tanks are implemented [29].
Another disadvantage is the high energy penalty that comes with the liquefaction
process described in Section 2.1.2. Linde PLC is one of the main manufacturers of
cryogenic tanks for hydrogen storage. In 2019, they estimated that a container with
a capacity of 3000 kg liquid hydrogen (approx. 42 m® or 100 MWh) had a filling
time of 3 hours and off-loading time of 30 minutes [30]. The largest cryogenic tanks
for storage of liquid hydrogen are owned by NASA’s Kennedy Space Center in
Florida [31]. In 1965, their first two cryogenic tanks were built in order to support
the Apollo project and had a storage volume of 3400 m?® each [31]. In 2018, a new
tank began construction which will hold 4732 m? liquid hydrogen. The maximum
boil-off losses are estimated to be 0.048% per day. On the other hand, HDSAM
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predicts that the boil-off losses will decrease to 0.03% per day for large scale tanks
in the future [27]. The HDSAM model also estimates the investment cost of the
tank in terms of the tank volume, where 95% of the stored liquid hydrogen can be
withdrawn. This equation can be found in Appendix B.

Gaseous Hydrogen Storage

Gaseous hydrogen storage includes both underground storage and compressed gas
storage. Underground hydrogen storage can utilize geological features such as
underground salt caverns and depleted gas or oil fields [32]. This type of storage has
a low volumetric hydrogen density, low hydrogen losses and low investment costs
per energy stored [25]. However, there are several limitations that arise due to
the uneven global distribution of the caverns which moreover have to fulfill several
requirements about capacity, physical conditions and environmental impact.

A special type of underground storage that has been proven to store natural gas
is Lined Rock Cavern (LRC) with an existing facility in Skallen, southern Sweden.
Solid rocks have a large availability across the globe, thus acting as an advantage
when compared to salt caverns or depleted oil and gas fields [33]. This storage
technology is still in the research stage for hydrogen, with one pilot plant currently
being investigated for "green steel" production in Sweden. LRCs are created through
mining solid rock and constructing two different layers, one consisting of concrete
and the other of metal, typically steel. The concrete layer offers stability, prevents
entrance of impurities from the surrounding rocks and preserves the rock from
deteriorating. On the other hand, the inner steel liner prevents gas leakage and
chemical reactions with hydrogen. The hard rock mass provides mechanical support
for the gas tank filled with pressurized hydrogen [33]. This type of storage is however
more expensive than salt caverns as it requires more construction and materials [34].

Lined rock caverns could be an option for large scale hydrogen storage for capacities
in the size range of GWh to TWh with a discharge time ranging from days to
weeks [35]. Based on the existing LRC in Skallen, the corresponding injection rate
is 1300 kg/h (43 MWh/h) while the withdrawal rate is 3600 kg/h (120 MWh/h)
for hydrogen [36]. The investment cost per unit of stored energy for the LRC is
dependent on the maximum storage pressure, where it decreases with an increased
pressure. According to Papadias [34], the capital investment cost goes from 3800
€2024/MWh at 75 atm down to 1800 €524/ MWh at 300 atm [34]. In LRC, the stored
hydrogen is divided into cushion gas and working gas, where the cushion gas purpose
is to maintain the pressure in the storage. The share of cushion gas increases with a
higher maximum operating pressure in the LRC. However, as more hydrogen can be
stored in the same volume, it results in decreased investment cost per energy [34].

Compressed gaseous hydrogen storage in cylindrical pressurized tanks that can be
of four different types, are used for different applications and mainly for short
term storage. Type I and II are the heaviest of all options due to their metal
composition, thus most suitable for stationary applications. Type III and IV consist
of composite materials and are therefore lighter making them more suitable for
portable applications [28]. Another difference between the types is the operating
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pressure. Type I tanks operate at pressures lower than 250 bar while Type II
operate at a pressure of up to 800 bar, Type III up to 750 bar and Type IV up to
1000 bar [32]. The reason why Type IV tanks can withstand such a high pressure
is due to the entire outer casing being made of carbon fiber [32], which is also the
main cost driver of the storage unit [37]. The inner layer is made of a dense polymer
liner preventing hydrogen from diffusing through the wall [32]. Type IV tanks are
also considered to have the highest potential of commercialization and are predicted
to break through in the automotive industry. DOE has already set a target of 60
kg Hj regarding the storage capacity [38]. As a result, Type IV tanks are expected
to have the highest cost reductions in the future [32].

2.1.4 Hydrogen Gas Compression

If hydrogen has to be transported or stored in gaseous form, it is generally
compressed in order to increase the density and reduce the space it takes up [39].
Hydrogen compressors are divided into mechanical and non-mechanical compressors.
The mechanical compressors include reciprocating compressors where the piston
moves back and forth in the cylinder resulting in an increased pressure of the
hydraulic fluid, thus compressing the gas. These type of compressors can reach
high compression ratios due to the process being closer to isentropic conditions
[39]. Reciprocating compressors can also provide flexibility since they can manage
large flow variations [40]. Non-mechanical compressors include hydride and electro-
chemical compressors. The advantage of these compressors lies in their smaller size,
no moving parts and lower noise [39].

Hydrogen compression involves multiple working stages, thus requiring inter-stage
cooling in order to decrease the temperature which in turn reduces the compression
work [40]. However, there are energy losses associated to the cooling operation and
the shaft power which affect the compressor performance and the operational costs.
Danish Energy Agency estimates in their report about "Transport of Energy" (2021)
that the electric consumption of the hydrogen compressors (€com,) for year 2050 can
be calculated by using Equation 2.2. Here, P,,; is the discharge pressure [bar] and
P, is the suction pressure [bar| of the compressor.

1 1 1
EComp = 0.008 - ( out — Pz%) ’ o Hz (22)

One important challenge with hydrogen compression is lubrication because of
reactions that can occur between hydrogen and hydrocarbons in mineral oil,
thus resulting in oil contamination [41]. Since high purity hydrogen is generally
required, dry compression is therefore the most suitable option making reciprocating
compressors the most optimal choice for hydrogen compression [40)].

2.1.5 Import of Hydrogen

Hydrogen can be transported in different ways depending on capacity, phase
and distance. Liquid hydrogen can be transported with trucks and ships, while
compressed hydrogen can be transported through pipeline and trucks [42]. Today,
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pipelines are commonly used for transport of natural gas. However, as the demand
for green hydrogen and the share of intermittent energy increases, pipelines gain
more interest as an option for hydrogen transport [43]. Pipelines used for natural
gas are not suited for hydrogen transport as hydrogen is a smaller and more reactive
molecule making it harder to contain [44]. The cost of hydrogen transport via
pipeline is dependent on the capacity of the pipeline, where the cost per transported
hydrogen decreases for larger capacities [40]. The estimation by Danish Energy
Agency for 2050 is 3.6 €/ MW /m for capacities up to 100 MW and 0.2 €/ MW /m
for capacities above 6000 MW for a pipeline with a design pressure of 70 bar [45].
Pipelines have the advantage of low operating cost, high efficiency and low cost per
transported hydrogen for large capacities. The main drawbacks are high investment
cost and the difficulty for small scale implementation [42].

For hydrogen transport in small scale and short distances, trucks could be a suitable
option. However, it is a less energy effective way of transport and has a higher
variable operating cost due to driver labor and fuel consumption when compared
to pipelines [42]. The unloading and loading time is expected to be 3 hours for
compressed hydrogen in 2050, but it is currently 4.25 hours [40].

2.2 Electricity for Aviation

Through the use of batteries it is possible to reduce the energy losses from the
aviation industry, due to their relatively high efficiency in comparison to other
energy carriers. One of the barriers for batteries is the low capacity per mass, which
limits the travel range and weight of aircraft and thereby the amount of passengers.
Another practical issue is that battery-electric aircraft have a lower flight speed in
comparison to conventional aircraft, and thereby could cause disturbances in the
flight schedule [46]. The battery capacity also needs to be large enough to have
reserve capacity, if landing is hindered. This means that the available capacity for
the battery which can be allocated to travel distance is lower than the actual battery
capacity. In a study by Mukhopadhaya [47], where the estimated energy density of
the battery for 2050 is 500 Wh/kg, the cruise range could reach between 650 km up
to 1100 km depending on the allowed mass of the battery. This does however not
include reserve capacity. Moreover, the operational cruise range was between 280
km up to 500 km depending on aircraft configuration [47].

2.2.1 Lithium Batteries

One widely used electric energy carrier is the lithium-ion battery which consists of
two electrodes. The cathode is commonly made of graphite and the anode often
made of a metal oxide. The electrolytic solution consists of a lithium salt dissolved
in an organic solvent [48]. The electrodes are separated by a porous membrane,
thus hindering contact between the anode and cathode and thereby avoiding short-
circuiting [32]. The porosity of the membrane allows the lithium ions to pass
through. If the temperature rises too high, the membrane starts melting and thus
blocking the passage of the ions [48]. When lithium batteries are being charged, the
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lithium ions move from the cathode to the anode induced by an electric current while
discharge occurs when the ions are moving back to the cathode. The losses from the
battery can be divided into standby losses as well as losses that occur during charge
and discharge which are caused by resistance and conversion from chemically stored
energy to electricity [32].

Apart from being used in airplanes, lithium-ion batteries can be used for load shifting
and peak reduction in an energy system due to the characteristics of fast charge and
discharge rate. They can also be used to provide ancillary services such as frequency
and voltage regulation as well as electricity storage. The implementation of batteries
in the grid can therefore be used to increase the integration of intermittent electricity
generation [32]. Batteries are expected to grow in road transportation market as
well as portable electronics and energy storage applications [48].

2.2.2 Wind and Solar Power in the Airport Environment

Production of renewable electricity via wind turbines and solar PVs is of greatest
interest in this thesis due to the requirement of green hydrogen, the fulfilling of
climate goals and the possibility for implementation close to the airport (when
compared to e.g. nuclear power).

There are however several safety concerns and regulations related to the
implementation of wind turbines close to the airport regarding height, noise levels
and electromagnetic radiation. In the context of airports within EU, there are
certain height limitations within a specific radius from the centre of the airport.
Generally, the restricted area has a radius of 15 km. Firstly, a 45 meters height
limitation comes into effect and applies over an elliptical shaped area with a radius
of 4 km from each of the strip-ends of the runway [49]. This area is called the inner
horizontal surface. Thereafter, the height limitation steadily increases following a
conical shape, thus creating another horizontal area that is typically referred to as
the conical surface. Then, a 150 meters height limitation applies over the remaining
area which is called the outer horizontal surface [49]. Moreover, there are additional
restrictions within the inner horizontal and conical surfaces that aim at protecting
the aircraft during approach, landing, take-off and climbing. Wind turbines result
also in radar interference due to reflection of electromagnetic radiation [50].

The safety concerns regarding solar PVs for local electricity production include
reflection, radar interference and the presence of an object near the runway. There is
a fear that solar PVs will reflect light and will cause lower visibility or flash blindness
for airport operators and pilots, thus creating a safety hazard [51]. However, it is
uncertainties related to the reflectivity of solar PVs due to lack of data which results
in the use of the maximum solar irradiation when examining the implementation
of solar PVs close to the airport. This results in an overestimation of the light
reflection from the solar PVs, as in reality, most PVs have anti-reflection coating
designed to reduce reflection [51]. Another safety concern is that the metals in the
PV can interfere with radar signals and thus cause disturbances for the air traffic
[51]. Lastly, the required area for the installation of the solar PVs is generally large
due to the low power output per unit area.
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Methods

The method used to assess the aim of this thesis was divided into four parts. The
first part of the project consisted of literature research. The second part consisted
of data collection, including flight distances and departure times, in order to map
the flights departing from Goéteborg Landvetter Airport. The mapping of flights
was performed in Excel by categorising them into different flight ranges. These
ranges were later converted to hydrogen and electricity demand profiles with an
hourly time resolution. The third part included the set up of the objective function
with the constraints that the hydrogen demand and recharging of electric airplanes
from the hourly profiles need to be fulfilled. The models objective function was the
total system cost including fixed and variable operating costs as well as annualized
investments. The optimization model was developed in GAMS. The fourth part
of the project was analysis of the output data from the different scenarios and
sensitivity analysis of certain parameters in order to determine the robustness of the
obtained results.

The following sections will go through the method into further details, more
specifically about the construction of the demand profiles (3.1), the development
of the optimization model (3.2), the selected parameter data from the literature
(3.3) and the performed sensitivity analysis (3.4).

3.1 Construction of Demand Profiles

The entire electricity and hydrogen demand for the airplanes departing from
Goteborg Landvetter Airport are assumed to be covered by the airport itself. This
was done in order to account for the energy demand required for the entire flight
distance. All flights departing within one hour were aggregated and converted to
energy demand by using the current amount of jet fuel consumption as shown in
Equation 3.1. This particular calculation was repeated for all hours of the year, thus
laying the foundation for the hourly energy demand profiles.

_ liter) | kg | e (MJ} 1 \MWh
EMWh] =d fkm] Jclkm] p[liter] ‘ lkg} 3600[ MJ 1 (3:1)

Here, E' is the total energy demand for each hour, d is the flight distance, JC' is
the jet fuel consumption, p is the density of Jet A-1 and ey, is the specific energy
content of Jet A-1. The conversion to electricity and hydrogen demand was done by
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using Equations 3.2, 3.3 and 3.4. Note that Equations 3.3 and 3.4 assume the same
efficiency for hydrogen utilization in aircraft as for combustion of jet fuel.

BEA N Jet Engine
Dt = EBatteryRange : (32)
NEM * NElectronics * T|Dist * TIManagement
H.
D;? = Ex,Rrange (3.3)
LH.
Dt 2= ELHzRange (34)

Here, DPF4 is the hourly energy demand for charging of battery-electric aircraft,
D2 is the hourly energy demand for refucling of hydrogen gas powered aircraft and
DIz ig the hourly energy demand for refueling of liquid hydrogen powered aircraft.
Moreover, ngys is the efficiency of electrical motor, Ngjectronics is the efficiency of
power electronics, np;s: is the distribution efficiency and naranagement is the efficiency
of energy management. See Table A.1 in Appendix A to find the efficiency values
used for this thesis. In the cases where flexible charging is applied to airplanes
standing over the night that depart before 8 a.m., the load can be supplied between
0 a.m. to the hour before departure. Thereby, the electricity load from the battery-
electric aircraft (BEA) was divided as a flexible load DEF4'" and a fixed load
DpEAFIwed 5o shown in Equation 3.5.

D;BEA _ DtBEA,Fle:): + DtBEA,F'L':L"ed (35)

When all the hourly energy demand profiles were constructed, a set ¢ of timesteps
containing all the hours of the year, a set A containing technologies and a set B
containing storage units were created. All elements of the sets are listed below.

teT={1,2,..8760}

a € A ={wind power, solar PV, cable, electrolyzer, liquefaction
pipeline, trucks, compressor 1, compressor 2}

p € B ={battery, LRC, Hy-Tank, LH,-Tank}

Thereafter, the objective function was formulated including annual investments as
well as fixed and variable costs. Then, the supply demand balance of electricity was
set up followed by all the constraints for the technology units.

3.1.1 Cases

Based on the presented data from the literature and discussion with Swedavia,
five different flight distance ranges were chosen to be investigated. Battery-electric
aircraft was investigated for flight distances of up to 400 km. This technology
was discarded for the remaining cases where only hydrogen powered aircraft was
investigated for all distances up to 3100 km. Flight distances above 3100 km were
assumed to be covered by SAF and were therefore not taken into consideration in
this project. For each scenario, both hydrogen import via pipeline and trucks, and
onsite production via the electrolyzer were studied in combination with each other.
A summary of the three cases is presented in Table 3.1.
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Table 3.1: The cases investigated in the thesis.

<400 km | 400-800 km | 800-1500 km | 1500-3100 km
Case 1 | Electricity H, H, LH,
Case 2 H, H, LH, LH,
Case 3 LH, LH, LH, LH,

3.2 Energy System Model

The investigated energy system is presented in Figure 3.1 where the green lines
describe the path of the electricity, the blue lines describe the gaseous hydrogen
flow and the red lines describe the liquid hydrogen flow. The bars labeled with
A, B, C, D, E, F, G and H represent the points where energy balances are set up.
The energy system includes an alkaline electrolyzer, liquefaction plant, compressors,
electricity generation technologies, a cable connection to the electricity grid, battery
storage and hydrogen storage in LRC, cryogenic tank and pressurized vessels.

Charging for electric airplanes

Imported
electricity

Liquefaction }_~

LHo refueling

LH, Tank i_,

Wind —- [~
, a 1 bar LH, 1 bar LH»
Pipeline —] () D) (E) )
Solar —. Trucks —
LRC |~ _> Hp refueling
Exported [~ Electrolyzer — L./ Compressor 2 }-» —
M L~ Compressor 1 '_~|
30 bar Ha 200 bar H» 200 bar H» 850 bar Ha 850 bar Ha

Figure 3.1: A visual representation of the energy system including electricity and
hydrogen flows, where LHj is liquid hydrogen and H, is gaseous hydrogen.

The alkaline electrolyzer was chosen as the only hydrogen production unit as it is
a mature and well proven technology. Battery storage was implemented in order
to support and stabilize the system. LRC was implemented in order to store large
volumes of hydrogen and thus utilize periods of high electricity supply. The cryogenic
tank and the pressurized vessels were chosen in order to increase the flexibility of
the system by storing hydrogen in the same temperature and pressure range as the
demand requires. The pressurized vessel storage was chosen to be a type IV tank
operating at 850 bar. The hydrogen containers in the airplanes were assumed to
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operate at 700 bar so the pressure vessel storage onsite was modeled to operate at
a higher pressure in order to obtain a pressure difference acting as a driving force
for the fluid flow. Two transportation methods for import of hydrogen were also
studied which include pipeline and trucks. Moreover, the model was always allowed
to invest in local electricity production consisting of wind and solar power. All the
variables and profiles used throughout the thesis are presented in Table 3.2 and 3.3.

Table 3.2: Units and descriptions of the profiles used throughout the thesis.

Profiles Unit Description

DBEA [IMWhe /h] | Total electricity demand for charging of BEA

ppEALi [MWh,, /h] Fixed electricity demand for charging of BEA

ppEAFler [MWh,,/h] | Flexible electricity demand for charging of BEA

DI [MWhy, /h] | Refueling demand of gaseous hydrogen

D [MWhypy,/h] | Refueling demand of liquid hydrogen

Ccé [€2024/MWHh] | Electricity price

CFy, ] Capacity factor of electricity generation technologies

Table 3.3: Units and descriptions of variables used throughout the thesis.

Variable Unit Description

X¢ [IMWh,,/h] | Export of electricity

P [MWh/h] | Produced electricity or hydrogen from technologies
pplotia [MWhy, /h] | Feed hydrogen from point B to liquefaction
FProtia [MWhy, /h] | Feed hydrogen from point D to liquefaction
FLtob [MWhy, /h] | Hydrogen from point C to D (bypassing LRC)
FPtor [MWhy, /h] | Hydrogen from point E to F (bypassing H, tank)
FGtoH [MWhy, /h] | Hydrogen from point G to H (bypassing LH, tank)
FRecireulation | IN[Why, /h] | Recirculated boil-off losses sent for liquefaction
Capq MW]| Capacity of technologies

Capg [MWh] Capacity of storage

SOCs, [MWHh] State of charge for storage

Chg,y [MWh/h] | Charge of storage

Dischg, [MWh/h] | Discharge of storage

FlexChy [MWh/h] | Charge of flexible load from BEA
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3.2.1 Objective Function

The total system cost is presented in Equation 3.6 where the objective function is
minimized. The total system cost consists of capital expenditures (CYAPEX) | fixed
operating costs (CTOM) and variable costs (CVOM) as well as cost of electricity (C¢!)
and hydrogen (C"2). The capital expenditures were annualized with a discount rate
of 5% according to Equation 3.7 and with the lifetimes presented in Table 3.5 and
Table 3.6. The investment and fixed costs for technologies were based on the installed
capacity. The investment costs for storage units were based on the maximum energy
stored while the fixed costs were based on the maximum discharge rate. The variable
costs were based on the total energy output from technologies and storage units
during one year. The model was solved with a Linear Programming (LP) solver
where the objective function was minimized for all the investigated cases. If the
cost optimal solution included import of hydrogen, the cases were ran again with a
Mixed Integer Programming (MIP) solver in order to activate the semi-continuous
variables regarding pipeline for a more accurate and realistic solution.

The used electricity price (Cf!) was taken from a model that studied the European
future electricity system with net-zero carbon dioxide emissions year 2050 and was
based on weather data from 2019 [52]. Therefore, the capacity factors profiles for
Goteborg Landvetter Airport were taken for the same year (2019) [53]-[55]. The
cost for hydrogen CH2 was assumed to be constant over the year, and was taken as
110 €2920/MWh [56].

Csys = Y Capy - (CEOM + CEAPEX . q )+ 3N P,y - CYOM

acA teT acA

+ D Capg - (CFOM ™" + GG cag) + 3 3 Dischg, - C5O% (36
BEB teT BeB

+ Z PCable : Ctel + Z(PPipeline,t + PTrucks,t) : CH2 - Xtel ' Ctel + ngT
teT teT

Here a is the annuity factor that was calculated using Equation 3.7.

a4 = (1 — (1 + r)) Lifetime (3.7)

3.2.2 Electricity Balances

The electricity supply origins from electricity import from the grid (Pogpe:) and
onsite generation from wind power and solar PV (Pg;) as well as the electricity
discharged from the battery (Dischpa ;) according to Equation 3.8. Here, nsch is

the discharging efficiency of the battery storage.

Supplys = Peapier + Y Poy + nhes™ - Dischpary (3.8)
e

The electricity demand for each timestep is built up by the electricity consumption
of the battery-electric aircraft, consisting of the flexible load (FlexCh;) and the
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fixed load (DPE4), as well as the electricity supplied to charge the battery storage
(Chpaty) and operate the energy-consuming technologies as shown in Equation
3.9. Here, Prgiect, Prigt; Poompit and Poompi ¢+ are the hydrogen outputs from the
electrolyzer, liquefaction plant, compressor 1 and compressor 2 respectively while
is the electricity consumption of each technology in terms of MWhe /MWhy,.

BEA
Demandt = Dt + OhBat,t + €Elec - PElec,t + €Lig * PLiq,t

) (3.9)
-+ AFl@xC’h:fe t + E;Compl : PC’ompl,t + ECome : PComp2,t

The supply needs to be greater or equal to the demand for each timestep t according
to Equation 3.10. This supply and demand balance of electricity is represented by
point A in Figure 3.1.

Supply, > Demand, (3.10)

The electricity generated by wind power and solar PVs was calculated by using
Equation 3.11 where the capacity factor for each hour of year 2019 at Goteborg
Landvetter Airport was multiplied by the installed capacity of wind power and solar
PVs. The electricity generation was not allowed to exceed the available production
determined by the installed capacity (Cap,) and the capacity factor (CF,;).

Pg,t = CFgﬂf . Capg <31]_)

The same constraint is set for the amount of exported electricity (X&) in Equation
3.12 in order to not exceed the capacity of the power cable (Capcape) between
Goteborg Landvetter Airport and Harryda municipality.

X' < Capeapie (3.12)

3.2.2.1 Flexible Charging

For Case 1, the electricity demand between 5 and 8 a.m., is set to be flexible for
all days of the year, which is noted as the hours h, which contains the hours (6,
7, 8). Thus, the electricity demand required for the battery-electric aviation is
divided into a flexible part (DFZ4F"h) for the airplanes standing over night and
a fixed part (DEF4T)  The amount of electricity charged during night must be
greater or equal to the electricity demand of the departing aircraft in the morning,
as shown in Equation 3.13, where the demand at latest needs to be fulfilled when
the demand occurs in the profile (DtB EA’FZ”’}’). This was implemented to ensure
that the airplanes could charge up until the load actually needed to be fulfilled and
thereby maximizing the allowed charging window.

ChNight! > DEEAFE for b € {6,7,8) (3.13)

The charging was allowed to take place when the availability factor ny = 1 which
represented airplanes standing over night and available for charging from 0 a.m.
until plane departure, as shown in Equation 3.14. Otherwise, the availability factor
was ny = 0 as the airplane either has departed or not yet arrived. To ensure that
the airplanes were only charged during night until the following morning, the profile

18



3. Methods

n; was used which consisted of ones during all hours of the year, except the hours
corresponding to 1 p.m. each day.

ChNight! = FlexCh" - n% + ChNight! | -n! for h € {6,7,8} (3.14)

The electricity supplied to the aircraft during nighttime corresponded to FlexCh!®
as shown in Equation 3.15.

FlexChl® = FlexChY + FlexCh] + FlexCh? (3.15)

3.2.3 Hydrogen Balances

The hydrogen balances in this section are mainly based on the different pressure
levels and points A-H presented in Figure 3.1. Hydrogen gas was introduced into
the system through two different routes. The first route included onsite generation
via the electrolyzer operating at 30 bar. The second route included import of
hydrogen from the Port of Gothenburg where pipelines and trucks were options
for transportation to Goteborg Landvetter Airport. Hydrogen transported via
pipeline was assumed to have a pressure of 30 bar while hydrogen transported
via trucks was assumed to have a pressure of 200 bar. These two streams were
therefore introduced into the system at different stages. The hydrogen gas streams
from the electrolyzer (Pgicctroiyzert) and pipeline (Ppipeiiner) Were either sent to a
compression step (Poomp1,t) or the liquefaction plant (FtBtOLiq) as shown in Equation
3.16. In Figure 3.1, this balance is represented by point B. Hydrogen losses over the
compressors were neglected and therefore, the hydrogen input was set equal to the
hydrogen output.

BtoLiq
PElectrolyzer,t + PPipeline,t - PCompl,t + Ft (316)

The investment cost of pipelines is dependent on the capacity, thus the model was
allowed to choose between different alternatives by using semi-continuous variables.
In Equation 3.17, Ppjpelineioonw,: corresponds to a pipeline with a capacity between
0 and 100 MW, Ppiperine2somw: corresponds to a capacity between 100 and 250 MW
while Ppiperinesoonrve corresponds to a capacity between 250 and 500 MW.

Ppipetine,t = Ppipetine1oomw,e + Ppipetine2sorwit + Ppipetinesoonwit (3.17)

The hydrogen going out from the first compression step had a pressure of 200 bar
which also was the pressure of the imported hydrogen being transported via trucks.
These two hydrogen streams could either be sent for storage in LRC (Chpgcy) or
to a second compression step (FC*") as shown in Equation 3.18, which in Figure
3.1 is described by point C. Here, Chrrc; includes also the losses that occur during
the charging of the LRC storage.

PCompl,t + PTrucks,t Z ChLRC’,t + ECtOD (318)

The next balance shown in Equation 3.19 sets the discharge of hydrogen from the
LRC storage (Dischrrc,) and the direct stream from compressor 1 (F*P) equal
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to the second hydrogen stream going in to the liquefaction plant (F;°****) and the

hydrogen going in to compressor 2 (Promp2+). This balance is represented by point
D in Figure 3.1. ‘
DiSChLRC,t + FtCtOD _ FtDtoqu + PCome,t (319)

The gaseous hydrogen coming out of compressor 2 was set equal to the input of
the pressure vessel storage (Chp,rankt) and the amount of hydrogen sent directly
for refueling of airplanes (F#%) which is described by Equation 3.20. In another
hydrogen balance, the output from the liquefaction plant (Pr;,.) was set equal to
the charge of the cryogenic tank (Chrm,rank:) and the amount of liquid hydrogen
sent directly to the refueling station (F%°H) as shown in Equation 3.21. The
cryogenic tank was assumed to operate at the same pressure as the liquefaction
plant. Equations 3.20 and 3.21 can be visualised by point E and G in Figure 3.1.

PCome,t = ChHQTank,t + FEtOF (320)
Prigt = Chrm,rankt + Gttt (3.21)

The hydrogen energy balances shown in Equation 3.22 and 3.23 describe the demand
profiles of gaseous hydrogen and liquid hydrogen by setting these profiles to being
equal to or less than the amount of hydrogen sent directly for refueling and the
output from each tank storage (Dischp,ranks and Dischypmg,rankt). These balances
can be visualised by point F and H in Figure 3.1.

D" < i - Dischyyranks + T (3.22)
DtLHQ S n%%z}%ank . DiSChLHzTank,t + FthOH (323)

Additionally, the capacity of each technology consisting of the electrolyzer,
liquefaction plant, pipeline, compressors, cable, wind power and solar PVs, denoted
as Cap,, has to be greater or equal to the hydrogen or electricity output from each
of the technologies respectively which is described in Equation 3.24.

Capa > Poy (3.24)

For the liquefaction plant, hydrogen losses were also taken into account as shown in
Equation 3.25 where 7{%55* = 0.995 [27]. Here, F/fcireulation ig the recirculated flow
of the boil-off losses that emerge during storage and charging of the cryogenic tank,
as shown in Equation 3.26.

[FtBtoLiq + EDtoLiq 4 FtRecirculation} . nch;sqses 2 PLiq,t (325>

FRecireulation _ (1 _ UE}}IQTM;.C) - Chrmapankt + 0L Tank * SOCLH2pank t (3.26)

The amount of energy in a storage for time step ¢ + 1 (SOCs41) is determined
from the difference between the energy charged (Chg,) and discharged (Dischg)
as well as the state of charge (SOCj3,) and losses during storage at the current time
step t. Here, g is a fraction of hydrogen stand-by losses from storage and ngh is
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the charging efficiency of each storage. The state of charge is described in Equation
3.27, where the last timestep is equal to the first timestep of the year.

SOCﬁJjJ’»l = T]Eh : Ch@t - DZ'SChg,t — 55 . SOC@t + SOCg,t (327)

max

The maximum charge (Ch3#) and discharge (Dischj{*) are described in Equation
3.28 and 3.29. Here, the maximum charge and discharge rate is a function of the
installed storage capacity. The charge/discharge is limited by the parameter v which
is the fraction of the storage capacity that can be charged/discharged during one
timestep.

Chiy* <~ - Capg (3.28)

Dischi%* < 44" - Capg (3.29)

Moreover, the state of charge of each storage is limited by the maximum installed
storage capacity (Capg), as shown in Equation 3.30.

SOC;, < Capy (3.30)

3.3 Quantitative Data

In the following sections, data for each of the parameters used throughout the project
will be presented along with a brief motivation to the selected parameter data. The
parameters were divided into cost and technical parameters.

3.3.1 Cost Parameters

A large amount of the parameter data was taken from Danish Energy Agency
[23]. The electrolyzer data was taken for a unit with a capacity of 100 MW of
input electricity. This data was originally given in terms of electricity, but was
later converted and expressed in terms of output hydrogen as shown in Table 3.4.
The investment and fixed operational cost for the hydrogen pipeline was taken
for three different capacities at an operating pressure of 70 bar. The model then
chose the most cost optimal capacity while still fulfilling all the constraints. The
direct distance between Goteborg Landvetter Airport and Port of Gothenburg was
estimated to be 21 km. Cost data for pressurized H, Tank was taken for a type
IV tank that can operate between 350 bar up to 1000 bar. Fixed costs were taken
for type I since data could not be found for type IV. Moreover, for all storage
alternatives, the fixed costs are given in terms of Euro per maximum discharged
energy.
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Table 3.4: Selected cost data from literature for technologies, storage and local

generation of electricity.

Technologies CCAPEX M{?(\EHQ cvoM ﬁhHQ croM ﬁHz
Electrolyzer [57], [58] 390 1.0 7800
Liquefaction® [27] - - -
Pipeline 0-100 MW [45] 76 - 4.9
Pipeline 100-250 MW [45] 33 - 4.9
Pipeline 250-500 MW [45] 22 ; 4.9
Truck Service [45] - 5.4 -
Compressor 1 [59] 63 - 1900
Compressor 2 [59] 84 - 2500
Cable [60] ; 5.0 49000
Storage (/CAPEX - vléiHQ VoM [ ﬁ } CFoM ﬁh%
H, Tank [23] 55 - 520
LH, Tank* [27] 1400 ; 21
Battery [61] 330 2.1 702
LRC [34] 1.8 . 5900
Generation CoAPEX [ﬁie]} cvoM [ﬁhel] crom [ﬁil}
Wind power [62] 1200 1.5 14
Solar PV [62] 340 - 8.7

*Cost for liquefaction and LHy tank were calculated by using Equation 3.32-3.35.

The capital investment cost for each compressor (C

CAPEX
Comp

) was calculated by using

Equation 3.31 [59] and was obtained in terms of €3094/MWh. This equation is
corrected to account for the inflation rate and currency conversion, yielding the
value given in Table 3.4.

CSAPEX _ 9900000 - EComp

Comp

(3.31)

The variable cost of the installed cable is the so called grid-fee that accounts for
the transmission losses. The fixed cost is based on the maximum power which the
consumer is allowed to utilize during one year, thus covering the investment made
by the owner of the grid. The hourly electricity price used in the calculations is
modeled for 2050, but based on weather data from 2019 [52], and is presented below
in Figure 3.2. The highest peak occurs in January between the timesteps 535-621
where the electricity cost is between 317-1914 €/MWh.
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Figure 3.2: The hourly price profile of electricity for year 2050 based on weather
data from 2019.

The yearly total cost of the liquefaction process (C79") was based on HDSAM
[27], and was calculated according to Equation 3.32 where it was obtained in terms
of €/year. Here, C{A"FX is the capital investment cost and CF9M is the fixed
cost. Detailed calculations of these costs are presented in Appendlx B. Fixed costs

(Cffq)M ) added up to 3.1% of the capital investment costs, see Equation 3.33.

ChaT = CEaPPX api + CL (3.32)
CHIM =0.031 - CpoPPX (3.33)

The total capital investment cost (Cfﬁﬂ%) was calculated as shown in Equation
3.34 and was obtained in terms of €y994. Here, CFauPment ig the equipment cost,
COter is other capital costs and CPOT is balance of plant costs. Detailed calculations
of these costs are presented in Appendix B. The total fixed costs (CF g%ank) added
up to the same ratio of the capital investment cost for the liquefier, as shown in

Equation 3.35.

Cg}?;%fk — CEquipment + COther + CBOP 3.34
Clitstant = 0.031 - CE i ran, (3.35)

Lastly, the cost of hydrogen transport via trucks (CLOM ) was calculated using
Equation 3.36 and was obtained in €/MWh [40]. Here, the driving distance from
Port of Gothenburg and Goéteborg Landvetter Airport was estimated to be 29 km one
way trip while the driving and loading/unloading cost for year 2050 were taken from
[45] as 0.048 €2020/MWh and 1.85 €3020€/MWh respectively. These costs include

both operational and investment costs.

CyrOM = Distance - Driving Cost + Loading/Unloading Cost (3.36)

3.3.2 Technical Parameters

Table 3.5 shows the selected parameter data for technologies and units for local
generation of electricity. The electric consumption for the liquefaction plant (er4)
was calculated by using Equation 2.1 presented in Section 2.1.2 where an average
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electric consumption was estimated for capacities between 20 and 200 tpd. The
electric consumption of the compressors (€.om,) Was calculated using Equation 2.2
presented in Section 2.1.4.

Table 3.5: Parameter data for technologies and local generation of electricity.

Technologies £ %&; T [years]
Electrolyzer [57] 1.33 35
Liquefaction [27] 0.26 40

Pipeline [45] - 50
Trucks [45] - 10
Compressor 1 [40] [63] 0.022 10
Compressor 2 [40] [63] 0.029 10
Cable - -

Generation £ T [years]
Wind power [62] - 30

Solar PV [62] - 40

Table 3.6 shows the selected parameter data for storage units of hydrogen and
electricity. All technical data for the pressurized Hy tank of type IV was based
on data for type I, except for the discharge rate (y#¢" ) that was assumed to not
be a limiting parameter and was set to 1, given the lack of available data. The
charge efficiency of the cryogenic tank (n{y,rq.c) Was also assumed to be equal
to the discharge efficiency (nfs.,..) due to the last mentioned reason. On the
other hand, hydrogen storage in LRC is not available in industrial scale so several
assumptions were made for the selection of the parameter data. Charge/discharge
rates were based on data from Skallen [36] where natural gas is stored. Charge
and discharge efficiencies were based on data for hydrogen storage in salt caverns.

Moreover, hydrogen losses during storage were neglected.

Table 3.6: Parameter data from the literature for storage of hydrogen and
electricity.
Storage Unit H, Tank [61] LH, Tank Battery [61] LRC
neh 0.9 0.9 [64] 0.985 0.99 [61]
disch 1.0 0.9 [64] 0.975 1.0 [61]
5s (% /1] 0 1.25-1073 [27] 0.041 ;
T [years] 20 30 [27] 30 30 [34]
ek S| 0.0048 0.33 [30] 0.50 0.0020 [36]
g | [ M 1.0 2.0 [30] 3.0 0.0056 [36]
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3.3.3 Space Requirements

The space requirement for the hydrogen storage alternatives is based on the volume
of the maximum stored hydrogen, according to Equation 3.37, where 2 is the
lower heating value of hydrogen expressed as energy per mass and p is the density of
hydrogen at the required storage pressure and phase. The used values are presented
in Table 3.7.

Capg

Volumeg = (3.37)

eHQ.p

Table 3.7: Densities for hydrogen for storage pressure and temperature [65].

p [kg/m?|
H, (@200 bar, 20 °C) 14.7
H, (@850 bar, 20 °C) 45.1
LH, (@1 atm, -252.8 °C) |  70.9

The area needed for the liquefaction process (Arear;,) was calculated from a
correlation shown in Equation 3.38 which is taken from HDSAM [27]. Here, the
capacity of the liquefaction process (Capri,) should be expressed in tpd. For the
local electricity production, the space requirements were calculated based on data
from Danish Energy Agency. For wind power, the factor 417 m?/MW was used
which is based on a space requirement in form of a square with a 50 m length [62].
The area required for the utility scale solar PVs was calculated based on the factor
10840 m?/MW [62].

CapLiq ) 0.6

Arear;, = 25000 - ( 20

(3.38)

3.3.4 Cost of Aviation Fuels

To compare the cost of electricity, compressed hydrogen and liquid hydrogen the
marginal cost is taken out from the model runs. However, to be able to get a
marginal cost for all the hours of the year, the demand must be greater than zero
for hydrogen in gaseous and liquid phase. Otherwise, the constraint is not active
and no marginal cost will be calculated for those timesteps in GAMS. Therefore, a
small demand of 0.1 kWh was added to the hydrogen demands, to ensure activation
of constraints for every timestep. By adding a small demand, the Right Hand Side
(RHS) marginal cost is obtained.

Another way of representing the cost is to weigh the marginal cost relative to the
consumption since the average marginal cost is not necessarily representative of
the marginal cost during hours with demand. The consumption based cost was
calculated according to Equation 3.39, where MC{"“ is the marginal cost for the
different aviation fuels, electricity, compressed hydrogen and liquid hydrogen. D,{ uel
is the consumption of the fuel and Cf, is the average cost of the fuel.
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€ :l B Zt Mthuel . D{uel

Cruc |
fuel Zthuel

(3.39)

3.4 Sensitivity Analysis

The effect of several technology limitations on the total system cost was investigated.
Firstly, only separate limitations were performed, including a cable limited to a
capacity of 12 MW and 0 MW respectively, the removal of flexible charging and
two scenarios where local electricity generation was limited to only wind power or
solar PVs. Goéteborg Landvetter Airport has currently a contract on a maximum
power supply to cover their own operation. If the maximum power supply is not
allowed to be increased from today’s level, the airport needs to supply the new
load without relying on the grid which is represented by a 0 MW cable. However,
the airport has a redundant cable with a capacity of 12-14 MW that could be
used, which laid the foundation for the second limitation that was used in the
sensitivity analysis. Similarly, wind power and solar PVs are two technologies that
are uncertain if they can be implemented due to safety concerns. The removal
of the flexible charging of airplanes during night was investigated since it can be
impractical for implementation due to lack of labour or fire hazard. The influence
on installed capacities of the electrolyzer, compressors, wind turbines, solar PVs and
the cable connection to the grid was also analyzed. Similarly, the effect of double
limitations was also investigated, including scenarios with no wind power and cable
limitations, no solar PVs and cable limitations and a scenario with no local electricity
generation. Lastly, each storage option was actively excluded separately from the
energy system and their influence on the system cost was studied. The LRC storage
was excluded due to uncertainties of the geological conditions close to the airport.
The pressurized vessels and the cryogenic tank were excluded due to uncertainties
in technology developments and implementation in large scale.

In this project, the hydrogen market price was taken as a constant value of 110
€2020/ MWh which is an uncertain parameter that plays a crucial role in determining
the cost-effectiveness of the hydrogen import via pipeline and trucks. The hydrogen
price was decreased successively until the breaking point occurred where hydrogen
import was introduced in the cost optimal solution.

Other uncertain parameters that were varied are the specific investment of the
liquefaction plant and the boil off losses from the cryogenic tank. Then, the effects
on the total system cost and installed capacity of technologies were examined in
order to analyze the robustness and behavior of the energy system. The investment
costs were systemically varied between 50% and 250% of the initial investment cost.
The daily boil off losses were varied between 0% and 5% in order to account for the
uncertain interval given in the literature [25].
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Results

The following sections will present the main results obtained from each study case
including distance profiles (4.1), how the electricity and hydrogen demand is supplied
(4.2) and the performed sensitivity analysis where the impact of different cost
assumptions was assessed (4.3).

4.1 Electricity and Hydrogen Demand

From the mapping of the departing flights from Géteborg Landvetter Airport, the
hydrogen and electricity demands were estimated for three different scenarios of
direct and indirect electrification, based on the current amount of passenger flights.
The annual quantity of electricity, compressed hydrogen and liquid hydrogen demand
in terms of mass (kton) and energy (GWh) are presented in Table 4.1 and 4.2 for
each case.

Table 4.1: Annual amount of hydrogen demand for each case.

H2 [ktOIl] LH2 [ktOIl]

Case 1 11 8.1
Case 2 5.0 16
Case 3 0 21

Table 4.2: Annual amount of electricity and hydrogen demand for each case.

Electricity [GWHh] H, [GWh] LH, [GWh]
Case 1 30 250 270
Case 2 0 170 520
Case 3 0 0 680

The distance profile for flight ranges up to 400 km is presented in Figure 4.1.
These distances were covered by the battery-electric aircraft in Case 1 and hydrogen
powered aircraft in Case 2 and 3. The hourly demand is presented over a one year
period. The demand varies over the quarters with the lowest demand during the

27



4. Results

first quarter of the year (Q1) which corresponds to 24% and the highest demand
during the second quarter (Q2) which makes up 27% of the yearly demand.
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Figure 4.1: The hourly distance profile for flight range 0-400 km.

The distance profile for flight ranges above 400 km and below 800 km can be seen
in Figure 4.2. This range is covered by hydrogen powered aircraft in all cases, more
specifically gaseous hydrogen in Case 1 and 2 and liquid hydrogen in Case 3. The
lowest hydrogen demand can be found in Q1 which corresponds to 22% of the yearly
demand and the highest in Q2 and Q3 (third quarter) with 27% for each period.
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Figure 4.2: The hourly distance profile for flight range 400-800 km.

The hourly distance profile for flight ranges above 800 km and below 1500 km is
shown in Figure 4.3. This range is covered by gaseous hydrogen in Case 1 and liquid
hydrogen in Case 2 and 3. The lowest demand occurs in Q1 which stood for 23% of
the demand. The highest hydrogen demand occurs during Q2 and Q3 where 26%
of the yearly demand is found in each period.
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Figure 4.3: The hourly distance profile for flight range 800-1500 km.
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For flight ranges above 1500 km and below 3100 km, the hourly distance profile is
shown in Figure 4.4 which is covered by liquid hydrogen for all cases. This distance
profile is the most season-dependent where the highest liquid hydrogen demand can
be found in Q2 and Q3 which corresponds to 29% and 37% of the yearly demand
respectively. The lowest demand occurs during the first quarter corresponding to
14% of the yearly demand.

0 730 1460 2190 2920 3650 4380 5110 5840 6570 7300 8030 8760
Timestep [h]

Figure 4.4: The hourly distance profile for flight range 1500-3100 km.

Figure 4.5 shows an example how the distance profile can look for distances up to
3100 km, based on flight data taken for 8 days in January. From the figure it can
be seen that the travel distance during weekdays is similar due to regular commuter
flights. There is also a reoccurring zero demand during night when the electricity
prices are generally lower. Thus, flexible charging of airplanes was implemented.
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Figure 4.5: The hourly distance profile for flight ranges up to 3100 km for 8 days.

4.2 Electricity and Hydrogen Supply

The following sections will present the installed capacities of all technologies (4.2.1),
load duration curves (4.2.2), running patterns (4.2.3), state of charge graphs (4.2.4),
space requirements (4.2.5) and marginal prices (4.2.6) of electricity, compressed
hydrogen and liquid hydrogen.

4.2.1 Installed Capacity

From the energy system model, the following installed capacities for the electrolyzer,
liquefaction plant and compressors were found in the cost optimal solution as shown
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in Figure 4.6. In all cases, the electrolyzer has a capacity between 120-131 MW,
the liquefaction process between 50-102 MW, compressor 1 between 30-74 MW
and compressor 2 between 0-157 MW hydrogen output. In Case 1, trucks appear
with a maximum used capacity of 29 MW, however with low utilization where only
0.08% of the hydrogen demand is supplied with trucks during the modeled year.
The highest increase occurs in the liquefaction process between Case 1 and Case
3. Moreover, it can be seen that compressor 1, still appears in Case 3, even if the
energy penalty of compression before the liquefaction process is unnecessary from a
process perspective, however needed for utilizing the LRC before liquefaction.
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Figure 4.6: The installed capacities in the cost optimal solution for electrolyzer,
liquefaction and compressors expressed in hydrogen output for Case 1, 2 and 3.

The cost optimal investment in electricity supply is presented in Figure 4.7. The
highest rated power can be found in solar PVs for all three cases and the lowest for
the cable connection to the grid.
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Figure 4.7: The installed capacities in the cost optimal solution for wind power,
solar PVs and cable for Case 1, 2 and 3.

The electricity production as well as the electricity import and export can be seen
in Figure 4.8. It can be seen that most of the electricity comes from onsite wind
generation, ranging between 500 and 675 GWh during the year. Wind turbines
can generate more electricity on a yearly basis with a lower installed capacity than
solar PVs due to the higher average capacity factor of 0.31. The second largest
electricity supply comes from the electricity grid, between 318-330 GWh. The lowest
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contribution to electricity supply corresponds to solar PVs as shown in Figure 4.8,
ranging between 260-279 GWh, which is due to the low average capacity factor of
0.12. Moreover, the exported electricity during the year is between 93-120 GWh.

Wind Power Solar PV Import Export
mCase1 mCase2 mCase3
Figure 4.8: The produced and exported electricity in the cost optimal solution for
Case 1, 2 and 3.

Finally, the cost optimal investment storage can be found in Figure 4.9. Note
that the cost optimal solution does not result in battery investment for storage of
electricity in any case. The liquid tank capacity increases by 40% between Case
1 and 3. Moreover, the LRC storage is still present in Case 3 although there is
no gaseous hydrogen demand. This is due to the cost competitiveness of the LRC
and the constant hydrogen flow that it can provide, making it possible for the
liquefaction plant to operate at higher load for a higher amount of hours. Thus,
the liquefaction plant can provide the same liquid hydrogen flow at a lower installed
capacity. The other alternative would be import of hydrogen from external sites via
trucks. However, at the assumed hydrogen market price in combination with the
operational cost of trucks, the cost of importing hydrogen via trucks is very seldom
cost competitive against onsite hydrogen production with storage. This resulted in
trucks only being utilized in Case 1 and only supplying a small share of the yearly
hydrogen demand (0.08%) and none in Case 2 and 3.
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Figure 4.9: The installed capacities in the cost optimal solution for LRC, cryogenic
tank and the pressurized vessel for Case 1, Case 2 and Case 3.
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4.2.2 Load Duration Curves

The following section will present the load duration curves for the liquefaction
process and electrolyzer in order to compare the operating load for gaseous hydrogen
and liquid hydrogen in the modeled energy system. Similar graphs for compressor
1 and 2 and import/export of electricity can be found in Appendix C.

The load duration for the liquefaction process for the three different cases can be
seen in Figure 4.10. In Case 1, the liquefaction processes runs at an average load
of 69% of its maximum capacity and at maximum load for 5500 hours. The hours
the liquefaction process runs at zero load correspond to high electricity prices in
combination with low local electricity production. For Case 2 and Case 3, the
average operating loads are 79% and 82% of its maximum capacity. In Case 3, a
plateau can be seen around timestep 6570 with an operating load of 82 MWh/h,
which corresponds to the maximum discharge rate of LRC with the capacity installed
in this case and the recirculated boil-off losses.
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Figure 4.10: The load duration for the produced LH; from the liquefaction plant.

In the load duration graph for the electrolyzer in Figure 4.11, it can be seen that for
all three cases, there are approximately the same amount of hours the electrolyzer
runs at its installed capacity, which corresponds to the hours with high local
electricity production. Similarly, the amount of hours without hydrogen production
is almost the same for all cases, which corresponds to hours of low local electricity
production in combination with high electricity prices. In Case 1, 2 & 3, the average
operating load over the year is 62%, 63% and 62% of the maximum capacity.
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Figure 4.11: The load duration for the produced H, from the electrolyzer.
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In the load duration curves for the electrolyzer and liquefaction, it can be seen that
for all cases the liquefaction process operates at its maximum load for more hours in
comparison to the electrolyzer. This is due to the higher investment cost as well as
the lower electricity consumption of liquefaction in comparison to the electrolyzer.
Thereby the liquefaction process is less sensitive to variation in electricity supply
and produces at its maximum capacity for more hours.

4.2.3 Demand and Supply of Electricity

The electricity consumption of the electrolyzer, liquefaction plant, compressors,
electric aircraft and the sold electricity are presented Figure 4.12 for an example
time period of 8 days in January. Here BEA stands for the electricity required
for charging of battery-electric airplanes. The electricity demand is supplied by
wind power, solar PVs and the electricity import from the grid, which is presented
in Figure 4.13. The electrolyzer consumes the largest amount of electricity and
produces at generally high load, except for hours when there are high electricity
prices and/or low electricity generation of electricity onsite. On the other hand,
the liquefaction plant produces at a generally more constant load in comparison to
the electrolyzer. In other words, the electrolyzer responds earlier to variations in
electricity prices and supply. Moreover, during hours of high electricity production
from wind power and solar PVs, the liquefaction plant operates generally at full
load. However, a combination of high electricity prices and low electricity production
results in no operating load in the liquefaction plant.
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Figure 4.12: Electricity consumption of different units during 8 days.
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Figure 4.13: Electricity supply of different units during 8 days.
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There is no curtailment of electricity during the period presented in Figure 4.12 and
4.13, but it occurs during summer when there is overproduction of electricity from
the solar PVs. Individual profiles for these 8 days can be found in Appendix E.

4.2.4 State of Charge

The time that every storage can supply the system with hydrogen or electricity is
presented in Table 4.3. For Case 1, the LRC storage can supply the system with
hydrogen for approximately 10 days, while the pressurized vessels only last for a
couple of hours. This behavior is due to several factors. The LRC storage has a
lower investment cost per energy which makes it profitable to invest in large storage
volumes, despite low discharge and charge rates. On the other hand, the pressurized
vessels store hydrogen at a higher pressure and can be discharged faster than the
LRC. However, the cost optimal solution includes a low installed capacity due to high
investment cost. As for the cryogenic tank, it has also a fast charge and discharge
rate, but the investment cost per energy is also much lower in combination with a
high investment cost for the liquefaction plant. Thus, it is cost optimal to invest
in larger volumes that can supply the system with liquid hydrogen for several days.
The model does not invest in batteries for Case 1, 2 and 3.

Table 4.3: The time that the storage can supply the average hydrogen demand.

LRC [days| | Hy tank [h] | LHs tank [days]
Case 1 10.3 1.8 5.5
Case 2 9.2 1.0 4.1
Case 3 7.8 0 4.1

From the state of charge for the LRC shown in Figure 4.14, it can be seen that
around timestep 750, the storage is completely empty. This corresponds to a long
period of high electricity price (see Figure 3.2) in combination with a relatively low
local electricity production. The second time of the year the LRC is completely
emptied in all of the cases is during Q4 (fourth quarter) when the electricity prices
are relatively high and the local production from solar PVs and wind power is low.
In Case 3, the storage is completely emptied around hour 5300, which corresponds
to period Q3 with a high LHy demand.
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Figure 4.14: State of charge for LRC storage.
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The state of charge for the compressed hydrogen tank is shown in Figure 4.15,
where it can be seen that the tank is emptied during the same periods as the LRC,
which can again be explained by the high electricity prices and low onsite electricity
generation during those hours. The compressed hydrogen tank has a low installed
capacity and can only cover around 1 hour of the average hydrogen demand, but at
the same time it has a fast charge and discharge rate. This results in 30 cycles for
Case 1 and 22 cycles for Case 2 over the entire year for the pressurized tank storage.
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Figure 4.15: State of charge for pressurized vessel storage.

Figure 4.16 shows the state of charge for the cryogenic tank which has a larger
installed capacity than the compressed hydrogen tank, thus resulting in fewer cycles.
The highest peaks occur during Q2 in order to be able to supply hydrogen during
the high demand peaks in Q3. The level proceeds to 0 around timestep 5490 which
corresponds to the start of Q3. The storage is then charged to higher levels during
Q4 and then completely emptied during Q1 at timestep 835 due to a period of high
electricity prices and low electricity production.

P L

0 730 1460 2190 2920 3650 4380 5110 5840 6570 7300 8030 8760
Timestep [h]

—Case 1 —Case2 —Case 3

Figure 4.16: State of charge for the cryogenic tanks storage.

4.2.5 Space Requirement

The space requirements for the electrolyzer, liquefaction plant, wind farm, solar PVs,
LRC, Hy tanks and LH; tank were calculated and are presented in Table 4.4 and 4.5.
The largest area is required by the solar PVs due to their low power output per area,
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thus requiring a large number of cells. It can also be observed that the liquefaction
plant takes up a 23 times larger area than the electrolyzer in Case 1. The space
required by the storage units is based on the volume taken up by hydrogen which
in practice means that the space requirement is larger.

Table 4.4: Required area for the hydrogen and electricity units.

Case 1 [m?] | Case 2 [m?] | Case 3 [m?]
Electrolyzer 1 200 1 300 1 300
Liquefaction 28 000 37 000 43 000
Wind farm 77 000 96 000 100 000
Solar PV 2 600 000 2 800 000 2 800 000
Table 4.5: Required volume for the storage units.
Case 1 [m3] | Case 2 [m?®] | Case 3 [m?]
LRC 43 000 36 000 31 000
H, Tank 49 12 0
LH, Tank 2 300 2 500 3 200

4.2.6 Cost of Aviation Fuels

The marginal cost for the investiagted aviation fuels is presented in Table 4.6. It can
be seen that the average marginal cost is 49 €/MWh for electricity, 52-54 €/MWh
for compressed hydrogen and 74-78 € /MWh for liquid hydrogen.

Table 4.6: Average marginal cost of electricity for aviation fuels.

Case 1 | Case 2 | Case 3
Electricity [€/MWh] 49 49 49
H, [€/MWh] 53 53 54
LH, [€/MWHh] 74 78 78

The average consumption based cost for the investigated aviation fuels is presented
in Table 4.7. The electricity consumed by the battery-electric aircraft has an average
cost of 49 €/ MWh. Compressed hydrogen has an average consumption weighted cost
of 64-65 €/MWh and liquid hydrogen between 85-90 €/MWHh.

Table 4.7: Consumption based cost for aviation fuels.

Case 1 | Case 2 | Case 3
Electricity [€/MWHh] 49 - -
H, [€/MWh] 64 65 -
LH, [€/MWHh] 90 86 85
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4.3 Sensitivity Analysis

The following sections will present the results from the performed sensitivity analysis
regarding technology limitations (4.3.1) and parameter variations (4.3.2).

4.3.1 Technology Limitations

The energy system was investigated by adding constraints regarding allowed
installed capacity of technologies and storage for all cases. Figure 4.17 shows how the
system cost is affected by the implementation of single limitations such as limiting
the capacity of the electrolyzer, wind power, solar PVs and the cable. Figure 4.18
shows the distribution of installed capacities between the different technologies and
storage units for each of the single limitations in Case 1. If the model is not allowed
to invest in the electrolyzer unit, the demand will be met by importing hydrogen
via pipeline and trucks which results in a 99% increase of the system cost in Case
1, 98% in Case 2 and 94% in Case 3. This is however highly dependent on the set
hydrogen market price of 110 €3990/MWh. Since the biggest electricity consumer is
the electrolyzer which is not present in this scenario, the installed wind power, solar
PVs and cable decreased by at least 80%.
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Figure 4.17: The effect of separate limitations on the system cost.
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In a case where electricity production through local wind power or solar PVs is
not allowed, the system cost increased by 4% and 3% respectively for Case 1. The
biggest difference between these two scenarios is that the maximum used capacity of
trucks is higher if wind power is not allowed as shown in Figure 4.18. When no wind
turbines are allowed onsite, the installed capacity of solar PVs increased by 65% and
the cable by 69%. However, when a case with no solar PVs is investigated, the cable
increased by 8% and the installed wind turbines capacity increased by 40%.

If the airport is not allowed to increase the cable capacity from today’s level, the
new load should be supplied without relying on the grid. This is represented as a
case where the cable is set to zero, which resulted in an increased system cost by
20% for all cases, as shown in Figure 4.17. In order to compensate for the cable, the
local electricity production increased by 30% for solar PVs and 90% for wind power.
When the cable capacity was limited to 12 MW, and thereby limiting the electricity
import and export to 12 MWh/h, the system cost increased by 13% in Case 1 and
15% in Case 2 and 3. The limitation resulted also in an increase of 18% in solar
PV capacity and 66% in wind power capacity. Moreover, the electrolyzer capacity
increased by 23% as shown in Figure 4.18.

The percentage change in installed capacity for the different technologies for Case
2 and 3 are presented in Appendix D.1 and follow a similar trend as for Case 1
in Figure 4.18. The biggest difference is the maximum utilized capacity of trucks
which decreases from 157 MW in Case 1 to 0 MW in Case 3 for a case without
onsite production of hydrogen. Trucks mainly appear when compressor 1 is running
at maximum capacity as it is more cost effective to import hydrogen via trucks than
to increase the compressor size. Trucks also appear during hours with high electricity
prices and low onsite electricity production, thus avoiding electricity consumption in
compressor 1. However, Case 3 has a demand of only liquid hydrogen meaning that
for a scenario without onsite production of hydrogen, it is not profitable to invest
in LRC. Hence, trucks disappear due to the absence of LRC storage in combination
with the higher variable operating cost in comparison to pipeline.

Figure 4.19 shows how the system cost is affected by implementing limitations such
as no wind power and/or solar PVs in combination with a cable limitation. The y-
axis shows the total system cost relative to the initial system cost. The x-axis shows
the limitation for each case. Figure 4.20 shows the distribution of the installed
capacities between the different technologies and storage units for the combined
limitations in Case 1. By investigating a case with no electricity import/export in
combination with no local wind, the system cost increased by 67% in Case 1. This
increase could be explained by the fact that the imported electricity from the grid
has a high share of wind and therefore the low electricity prices often correspond to
high local wind production. The investment in PVs corresponds to a 349% increase
in capacity, which in this scenario is the only option for electricity supply. The
electrolyzer capacity increased by 105% and compressor 1 by 161% as shown in
Figure 4.20. These capacity increases are due to the lower average capacity factor of
solar PVs, the generation of electricity being concentrated during some hours of the
day and the uneven distribution of solar power over the year. Moreover, The LRC
storage capacity increased by 209% and the LHy tank decreases by 16%. In a similar
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scenario where wind power is not allowed close to the airport in combination with
a cable connection limited to 12 MW, the system cost increased between 48-54%.
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Figure 4.19: The effect of double limitations on the system cost.
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Figure 4.20: The effect of double limitations on the installed capacity of technology
units in Case 1.

In a scenario with no solar PVs and 0 MW cable, meaning that the entire electricity
demand is supplied by wind power, the system cost increased by 34% in Case 1 which
is a smaller increase than a case where the entire electricity demand is supplied by
solar PVs. This could be explained by the higher average capacity factor of wind
turbines and the more even distribution of electricity over the year, when compared
to solar PVs. In a similar scenario where solar PVs are not allowed close to the
airport in combination with a cable connection limited to 12 MW, the system cost
increased by 24% in Case 1, as shown in Figure 4.19.

If both wind power and solar PVs are not allowed, the system cost increases by
approximately 9% for all cases. The entire electricity demand in this scenario is
provided by the cable connection to the grid, thus the capacity of the cable is
doubled as can be seen in Figure 4.20. The majority of hydrogen is supplied by the
electrolyzer while the rest is imported via trucks.

In Case 1, it is assumed that the airplanes standing over night can be charged during
the night as long as the load is fulfilled before the airplanes leave in the morning. A
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case where this flexibility is not an option, the system cost increases by 0.2% which
is minimal and it is therefore not shown in the graphs. The installed capacities were
very similar to Case 1 with flexible charging, however, with the exception of the
maximum used trucks during the year that increased by 27%.

The percentage change in installed capacity for the different technologies for Case
2 and 3 are presented in Appendix D.2 and follow a similar trend as for Case 1
in Figure 4.20. The biggest difference occurs for the scenarios with no wind power
and a cable limitation. In Case 1, it can be seen that the installed capacity of the
electrolyzer and compressor 1 is bigger in a scenario with no wind and a cable limited
to 12 MW than a scenario with no wind and a cable limited to 0 MW. However,
the opposite occurs in Case 2 and 3, meaning that the installed capacity of the
electrolyzer and compressor 1 is higher in the scenario with no local wind power and
cable connection to the grid.

From the model runs, it can be seen that compressor 1 has the same capacity as
the maximum charging capacity of the LRC for Case 3 independently of single and
double limitations. This could be explained by the sole purpose of compressor 1
in Case 3 which is to increase the pressure of hydrogen in order to store it in the
LRC before the liquefaction plant. Hence, there is no advantage in having a higher
capacity for compressor 1. However, in Case 1 and 2, compressor 1 always has an
installed capacity higher than the maximum charge rate of the LRC. These cases
have a demand of compressed hydrogen meaning that the compressor here also
provides another purpose, resulting in a higher installed capacity of compressor 1.

Figure 4.21 shows how the system cost is affected by excluding one storage option.
The liquefaction process can operate flexible due to the cryogenic tank. If the tank
is removed, the liquefaction plant must operate after the liquid hydrogen demand.
By doing so, the system cost increases by 80% for Case 1. This investment increase
originates from the increased capacity of the liquefaction process which increased
by 500%, since the capacity of the liquefaction process must be able to produce the
highest hourly liquid hydrogen demand occurring during the year. The cost optimal
solution also has an increased capacity of compressor 1 with 64%. The most affected
case from removing the cryogenic tank was Case 2, where the system cost increased
by 98%. This could be explained by the increased capacity of the liquefaction process
which increased by 418% and the LRC which increased by 124%.
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Figure 4.21: The effect of excluding one storage option on the system cost.
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Another storage option which offers flexibility for the liquefaction process is the
LRC. By considering an option where LRC is not a storage alternative, the system
cost increased by 12% in Case 1, 7% in Case 2 and 2% in Case 3. In Case 1, the
cost optimal solution included an increase of maximum utilized capacity of trucks
by 410%. On the other hand in Case 3, the absence of the LRC is compensated by
a 200% larger cryogenic tank, 22% larger cable and a 17% smaller electrolyzer.

In a scenario where the compressed hydrogen storage is excluded, the system cost
increased by 1%, where the increase in cost comes mainly from a 30% larger
compressor 2 and 130% increase in maximum utilized truck capacity.

4.3.2 Varying Key Parameters

A sensitivity analysis was performed for the hydrogen market price, by varying the
price in order to find the breaking point where hydrogen begins to be imported. The
cost optimal solution in Case 1 already includes import of hydrogen via trucks. The
breaking point occurs at a hydrogen price of 279 €/MWh. However at the assumed
market price, only 0.08% of the hydrogen was imported with trucks. In the modeled
energy system, import of hydrogen via trucks is used as a peak technology with
the characteristic of a high operating cost and a low investment cost. This can be
explained by the trucks investment being included in the variable operating cost. In
Case 2 and 3, the breaking point for import of hydrogen via trucks occurs at 103
€/MWh and 107 €/MWh respectively. However, import of hydrogen via pipeline
occurs at lower hydrogen prices. In Case 1 it occurs at prices lower than 64 €/MWh,
in Case 2 lower than 71 €/MWh and in Case 3 lower than 74 €/MWHh.

Figure 4.22 shows how the total system cost and installed capacity of the liquefaction
plant vary when the investment cost of the liquefaction plant is increased up to 300%
as well as decreased down to 30% of the initial cost in Case 3. The graph shows that
the system cost is linearly dependent on the change in the liquefaction investment
cost. Additionally, the capacity of the liquefaction plant decreased as the investment
cost increased.
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Figure 4.22: The effect of the investment cost of the liquefaction plant on the
system cost and liquefaction plant capacity.

Figure 4.23 shows that a more expensive liquefaction plant leads to a larger installed
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LRC and cryogenic storage in order to limit investment in the liquefaction plant,
which in turn leads to a decreased electrolyzer capacity. However, as the cost of
the liquefaction plants decreases below 100% of the initial cost, the capacity of
the cryogenic tank starts increasing again. This could be explained by the fact
that the liquefaction plant is sufficiently cheap in order to increase its capacity and
consecutively produce large amounts of liquid hydrogen when the electricity prices
are low. Therefore, the capacity of the cryogenic tank starts increasing again in
order to store the produced liquid hydrogen. In other words, the cryogenic tank is
not there in order to limit the installed capacity of the liquefaction plant, but rather
in order to store the amount of the liquid hydrogen produced during times of low
electricity prices.
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Figure 4.23: The effect of the investment cost of the liquefaction plant on the
capacity of LRC and cryogenic tank.
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According to the literature, boil-off losses from storage of liquid hydrogen in
cryogenic tanks can reach up to 5% per day [25]. This parameter was therefore
varied and the system cost ratio was plotted for each point as shown in Figure 4.24.
This project uses a value of 0.03% per day, but if the boil off losses would increase
to 5%, the system cost would be 1.5% higher. To compensate for the hydrogen
losses, both the electrolyzer and liquefaction capacity increase which in turn leads
to a lower storage capacity of the cryogenic tank.
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Figure 4.24: The effect of the daily boil off losses on the system cost and cryogenic

tank capacity.
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Discussion

From the mapping of the departures from Goteborg Landvetter Airport, it was found
that the airplanes travel distance in the investigated flight ranges had a seasonal as
well as a daily dependency. The chosen flight ranges for the aviation fuels will
therefore affect the seasonal variation in the different fuel demands. The daily
dependency will also be evident as almost no flights departure during nighttime.
This implies that either the production needs to be flexible or that storage options
need to be in place in order to manage the variation. Since it was found that
several airplanes stand over night, it opens up the possibility for flexible charging of
battery-electric airplanes during night and thereby increases the charging window in
order to provide flexibility for the modeled energy system. Moreover, the electricity
and hydrogen demand were estimated on the basis of the current aviation traffic
departing from Goteborg Landvetter Airport. However, the aviation traffic is
predicted to increase by 3-5% per year [2] which would affect the results.

The cost optimal solution of all three cases investigated in this project included
supply of the direct and indirect electricity demand with a combination of wind
power, solar PVs and import of electricity. It is economically beneficial to operate
the electrolyzer when the electricity prices are low and local electricity production
is high. Thus the model invests in different types of hydrogen storage which in turn
increases the flexibility of the system and contributes to a lower system cost. Case
1 corresponds to the lowest energy demand since less liquid hydrogen is required
while Case 3 has the highest.

From the model runs it was found that the increased electricity demand was fulfilled
mostly by higher installed wind power capacity. Moreover, it was found that the
system cost of the modeled energy system is highly dependent on allowing local wind
power or increased connection to the electricity grid. If these two technologies were
excluded from the system, the system cost increased by 66-69%. At the same time
the solar radiation is highly concentrated during the middle of the day which results
in a high electricity marginal cost for this system configuration. Therefore, in order
to reduce the operational cost, the electrolyzer and compressor 1 are oversized.
Even if this system resulted in a relatively high electricity cost, it was found to
be cost optimal to produce the majority of hydrogen onsite while the rest was
imported through pipeline at the assumed hydrogen cost of 110 €3020/MWh. On
the other hand, when the connection to the grid was limited simultaneously as
the PVs, it resulted in an increased system cost by 33-34%. This means that all
electricity production would come from onsite wind production, which has a higher
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average capacity factor and therefore lower capacity is needed in order to supply the
electricity demand. The installed wind power capacity could also provide electricity
for more hours, which can be used to produce hydrogen via the electrolyzer. Thereby
the electrolyzer is able to produce at a higher average operating load, resulting in a
lower installed capacity.

The single technology limitations contributing the most to an increased cost is not
allowing onsite hydrogen production which increased the system cost by 94-99%,
followed by not allowing a cryogenic tank onsite which removes the flexibility of
the liquefaction process and thus increased the system cost by 80-98%. However,
the first result is highly dependent on the assumed hydrogen price which was set to
110 €5020/MWh meaning that a lower market price would make hydrogen import
a more viable option. These results also indicate that the storage options create
a redundancy in the system which helps avoiding high electricity prices as well as
allowing for a lower installed capacity to be able to provide the liquid hydrogen
demand. Thus the implementation of storage, decreases the total system cost.
Moreover, Figure 4.23 showed that a more expensive liquefaction process also leads
to a larger cryogenic tank, validating its importance.

The liquefaction plant does in general avoid operation during low electricity supply
and high electricity prices. However, the liquefaction plant adjusts its operating load
after these two factors to a lower extent in comparison to the electrolyzer load which
could be explained by two main reasons: the higher investment cost and the lower
electricity consumption of the liquefaction process. The electrolyzer operates at an
average load of 62-63% for Case 1, 2 and 3 despite the higher hydrogen demand
in Case 2 and 3 which could indicate that a further increase of hydrogen demand
would affect the average electrolyzer load minimally.

Another observation is the presence of compressor 1 in Case 3 where only liquid
hydrogen is required, meaning that gaseous hydrogen is compressed up to 200
bar, stored in LRC and then liquefied. The model does however not take into
consideration that the compressed hydrogen requires less energy to liquefy, meaning
that compression up to 200 bar in Case 3 is an energy penalty. Still, compressor
1 is part of the cost optimal solution despite the energy losses related to both
compression and storage of hydrogen. This could be explained by the model choosing
to utilize the LRC in order to maintain a more constant inflow of hydrogen to the
liquefaction plant.

It can be seen that trucks only appeared in the cost optimal solution for Case 1,
where the trucks stood for approximately 0.08% of the yearly hydrogen demand
and were utilized during 37 hours of the year. The trucks appeared during hours
where there was a demand for compressed hydrogen while the electricity prices were
low and thereby, the cable was already utilized at its maximum capacity. Trucks
appeared also during hours when the electricity prices were high and thereby it was
costly to produce hydrogen through the electrolyzer. The hydrogen price at the
market would need to be increased above 178 €/MWh for the trucks to completely
disappear, and if the market hydrogen price is less then 64 €/MWh, the pipeline
appears in the cost optimal solution.
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In the Theory Section 2.2.2, several safety concerns and regulations related to the
implementation of wind turbines and solar PVs were described. More specifically,
the concerns were regarding height, noise levels, electromagnetic radiation and light
reflection. Wind turbines would most probably be a relevant technology only on
the outer horizontal area where a 150 meters height limitation is in effect. However,
the wind turbines which data was taken for from the Danish Energy Agency [57]
have a height of 165 meters, but shorter wind turbines do exist, thus falling below
the current height limitation of 150 meters in the outer horizontal area. Moreover,
the required area for the installation of the solar PVs is large due to the low power
produced per unit of area. This creates practical obstacles such as large land usage
in connection to the airport. By taking into consideration the restrictions and
difficulties regarding the local electricity generation via wind turbines and solar PVs,
significant challenges are to be faced and the implementation of these technologies
should be carefully examined with respect to the air traffic safety and the different
national interests.

The largest storage option that the cost optimal solution includes for each case is
LRC. This storage is located below ground and the surrounding solid rock should
be able to withstand the high pressures. This project does however not take into
account the geological conditions in connection to the airport, meaning that there
is a possibility that the LRC storage will not be a viable option. If LRC storage is
not allowed, the total system cost increases by 12% in Case 1, 7% in Case 2 and 2%
in Case 3. Thus, the impact of no LRC is the lowest in a case where demand is met
entirely by liquid hydrogen.

Moving forward, it would be beneficial if further research was done for year 2030,
2035, 2040 and 2045, thus taking into account the gradual construction of the cost-
optimal system. Moreover, heat recovery at several technology units, such as the
electrolyzer and compressors, could be implemented which would most probably
result in energy-savings by integrating into Goteborg Landvetter Airport district
heating system. Thus, the biofuel consumption for district heating could potentially
be reduced and thereby decreasing the total system cost.
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Conclusion

In this study, three cases representing the future demands for electricity and
hydrogen at Goteborg Landvetter Airport were studied. The cases were based on
different flight ranges and aviation fuels, including the use of batteries, compressed
hydrogen and liquid hydrogen. The expected demand of hydrogen reaches up
to 520 GWh (19 kton) in Case 1 and 680 GWh (21 kton) in Case 2 and 3.
These estimations were done on basis of the current aviation traffic departing from
Goteborg Landvetter Airport and should therefore be interpreted as an indication of
the future demand, rather than a definitive value. Similarly, the expected demand
of electricity is estimated to reach 30 GWh in Case 1.

The cost optimal solution for all the investigated cases includes onsite production via
water electrolysis, which is highly dependent on the assumed electricity price. The
required electricity in the system is best supplied by import of electricity via a cable
connection and local electricity production via wind turbines and solar PVs, whereof
the cable connection and the wind turbines are of most significant importance. There
are however several challenges regarding safety concerns and practical obstacles
related to wind turbines and solar PVs. Thus, their implementation should be
carefully examined in future research studies. Moreover, the hydrogen storage that
has the biggest impact on the total system cost, is the cryogenic hydrogen storage
which allows the liquefaction plant to operate at maximum load for more hours
during the year.

Gaseous hydrogen can be supplied at a marginal price of 53-54 €/MWh while
liquid hydrogen can be supplied at a marginal price of 74-78 €/MWh. These price
estimations are only valid for the investigated energy system of this project with the
assumptions presented in the thesis.
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A

Efficiencies

Table A.1: Efficiencies for battery-electric [66] and JET-engine [67].

NJetEngine 0.37

NEM 0.98

T Electronics 0.96
NDist 0.98

NIManagement 0.98
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B

Costs: Liquefaction & Cryogenic
Tank

The cost for the liquefaction process is based on the cost function from the HDSAM
model [27] presented in Equation B.1. Here, the cost is obtained in [US$] while the
capacity (Capri,) is given in tonnes per day (tpd). Moreover, I is the Chemical
Engineering Plant Cost Index (CEPCI) value.

Installed Lique fier Capital Cost = 5.6 - 10° - C’ap%fq vl (B.1)

The function was plotted on Excel for capacities between 20 tpd up to 200 tpd and
a linear regression was preformed resulting in Equation B.2, where capacity should
be inserted in megawatts and the liquefier cost (C*9uefier) is obtained in €. The
total capital investment investment cost (Cfia"#¥) given in Equation B.4 included
also Owner’s costs (CO*"¢") which were calculated by using Equation B.3. Owner’s
cost account for the additional investment required for engineering, further research
studies and legal fees related to construction [26]. Similar expenses are also taken

into account for other technologies.
Cliauefier — 1600000 - Caprig + 46000000 (B.2)

COwner =0.12- CLiquefier
Ogi,;lPEX — CLiquefier + OOwner
The cost for the cryogenic tank for storage of liquid hydrogen was based on the cost
function estimated by the HDSAM model [27], presented in Equation B.5 where
Vit rank and Cost are expressed in terms of m?® and [US$2016) respectively.

Cost = 3100 - VL1 rani + 5646600 (B.5)

This equation was plotted in Excel for storage capacities between 50 t and 250 t and a
linear regression with interception through zero was performed resulting in Equation
B.6, where the cost of the cryogenic tank (CFauPment) js obtained in €. Additionally,
other capital costs (CO"¢") were estimated by using Equation B.7 and took into
account costs for site preparation, engineering & design, project contingency, up-
front permitting and owner’s costs. Finally, an average of the balance of plant cost
(CBOP) was calculated within the same range of storage capacities and was expressed

ITT



B. Costs: Liquefaction & Cryogenic Tank

in terms of the capital investment cost for the cryogenic tank as shown in Equation
B.8.

CEquipment — 930 . CapLHzTank (BG)
COther = (.40 - CFavipment (B.7)
CBOP — 0.045 - (CEqm'pment + COther) (B8)

Note that the two functions that were obtained via linear progression, already took
into account inflation and conversion from American dollar to Euro.
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Load Duration Curves

The following section presents the load duration curves for the electricity import
and export as well as for compressor 1 & 2.
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Figure C.1: Load duration curve for electricity import for Case 1, 2 & 3.
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Figure C.2: Load duration curve for electricity export for Case 1, 2 & 3.



C. Load Duration Curves
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Figure C.3: Load duration curve for hydrogen output from compressor 1 for Case
1,2 & 3.
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Figure C.4: Load duration curve for hydrogen output from compressor 2 for Case

1& 2.
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D

Sensitivity Analysis: Capacities

In this appendix the results from single and double are presented for the remaining
cases.

D.1 Single Limitations

The following section presents installed capacities for the technology and storage
units for single limitations.
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Figure D.1: The effect of single limitations on the installed capacity of technology
units in Case 2.
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Figure D.2: The effect of single limitations on the installed capacity of technology
units in Case 3.
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D. Sensitivity Analysis: Capacities
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Figure D.3: The effect of single limitations on the installed capacity of the LRC
and cryogenic tank in Case 1.
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Figure D.4: The effect of single limitations on the installed capacity of the battery
storage and pressurized vessel in Case 2.
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Figure D.5: The effect of single limitations on the installed capacity of the LRC
and cryogenic tank in Case 2.
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D. Sensitivity Analysis: Capacities
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Figure D.6: The effect of single limitations on the installed capacity of the battery
storage and pressurized vessel in Case 2.
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Figure D.7: The effect of single limitations on the installed capacity of the LRC
and cryogenic tank in Case 3.

D.2 Double Limitations

The following section presents installed capacities for technologies and storage for
double limitations.
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Figure D.8: The effect of double limitations on the installed capacity of technology
units in Case 2.
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D. Sensitivity Analysis: Capacities
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Figure D.11: The effect of double limitations on the installed capacity of the
battery and pressurized vessel in Case 1.
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Figure D.9: The effect of double limitations on the installed capacity of technology
units in Case 3.
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Figure D.10: The effect of double limitations on the installed capacity of the LRC
and cryogenic tank in Case 1.
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D. Sensitivity Analysis: Capacities
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Figure D.12: The effect of double limitations on the installed capacity of the LRC
and cryogenic tank in Case 2.
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Figure D.13: The effect of double limitations on the installed capacity of the
battery and pressurized vessel in Case 2.
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Figure D.14: The effect of double limitations on the installed capacity of the LRC
and cryogenic tank in Case 3.
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Figure D.15: The effect of double limitations on the installed capacity of the
battery and pressurized vessel in Case 3.
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I

Electricity Supply and
Consumption

In this appendix the electricity supply and demand can be seen individually for 8
days in January.
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Figure E.1: The electricity consumption of the electrolyzer for 8 days in January.
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Figure E.2: The electricity consumption of the liquefaction plant.
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E. Electricity Supply and Consumption
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Figure E.3: The electricity consumption of compressor 1.
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Figure E.4: The electricity consumption of compressor 2.
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Figure E.5: The electricity consumption by the battery-electric aircraft.
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Figure E.6: The electricity exported to the grid.
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E. Electricity Supply and Consumption
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Figure E.7: The electricity supply from local wind turbines.
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