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Abbreviations

GPUs  Ground power units

h-GPUs Hydrogen-based groud power units

d-GPUs Diesel Ground power units

GSE Ground support equipment

h-GSE  Hydrogen-powered ground support equipment
LCA Life cycle assessment

GWP Global Warming Potential

FCEVs Fuel Cell Electric Vehicles

BEVs  Battery electic vehicles

Managerial Summary

Sustainable and zero-emission practices are increasingly prevalent across all sectors, including the
aviation industry (Ellaban et al., 2014; ACI, 2019). Given the anticipated significant growth of the
air transportation industry in the forthcoming years, it is important to prioritize the development
of low-carbon emission equipment for this sector (Testa et al., 2014). The ground power unit
(GPU) is one of the ground support equipment that can be considered as a significant source of
carbon emissions in airports since they are responsible for about 10% of the total emissions (Dube
& Nhamo, 2019; Balli & Calliskan, 2022). In this context, there is increasing emphasis on
developing zero-emission solutions for GPUs to meet decarbonization and emissions reduction
targets (Testa et al., 2014). Hydrogen has emerged as a promising solution to achieve the net-zero
carbon emission targets due to its carbon-free features and high energy efficiency (Qyyum et al.,
2021). The adoption of hydrogen as a replacement for the conventional diesel GPUs could
substantially reduce emissions of carbon dioxide (CO2), carbon monoxide (CO), and other harmful
gases, making the transition to hydrogen-based ground power units (h-GPUs) an effective strategy
for minimizing environmental harm (Testa et al., 2014). However, to entirely investigate the
carbon emissions reduction potential of h-GPUs, it is important to consider their environmental
impact throughout their entire life cycle, from production to disposal (Cetinkaya et al., 2012).

Alongside analyzing the environmental impacts of this transition, it is important to evaluate its
economic impact since hydrogen technology deployment in GPUs necessitates establishing a
robust infrastructure, substantial investments, and operating costs. A dedicated cost and benefit
analysis is therefore necessary to understand the means for this transition. By conducting such an
analysis, valuable insights into the economic sustainability of hydrogen technology can be
obtained, enabling policymakers and stakeholders to make informed decisions regarding its
adoption.



Despite the wide benefits of h-GPUs, such as the reduction of greenhouse gas emissions, reduced
noise pollution, and positive environmental impact, the deployment of the technology is hindered
by several barriers, including limitations in technology, high hydrogen prices, and the lack of
regulatory standards. Moreover, building a robust hydrogen infrastructure and training a capable
workforce have also presented significant challenges for the widespread adoption of h-GPUs
(Baroutaji et al., 2019; Papadis & Tsatsaronis, 2020). Therefore, it is also essential to investigate
and analyze these barriers considering the different perspectives and views of the stakeholders
relevant to the transformation. Such an analysis would enable policymakers and stakeholders to
identify the potential challenges and develop strategies to overcome these barriers. Furthermore,
it would facilitate the development of a conducive environment for the adoption of h-GPUs and
accelerate the transition to sustainable aviation.

This project aims to explore the feasibility and the grounds for the implementation of hydrogen
solutions for GPUs and develop a comprehensive framework that provides recommendations and
suggestions for the transformation. The aim is to support the goal of attaining emissions-free
ground operations by 2030 and address various technical, environmental, and economic challenges
associated with the development of hydrogen ecosystems in airports. To this end, the project
covers a Life Cycle Assessment (LCA) analysis to investigate the environmental impact of
deploying hydrogen, a cost-benefit analysis to evaluate the economic feasibility and an analysis of
barriers considering the stakeholders relevant to the transformation. The specific tasks and

objectives of the project are outlined below:

e Conducting a LCA to analyze relevant technical/operational aspects (e.g. minimal power
output, maintenance) and CO; gains of h-GPUSs.
e Development of a cost-benefits model to evaluate the economic impact of the transition to
h-GPUs.
e Analysis of operational, economic, legal and regulatory, technical, safety barriers for the
transformation.
e Determining the learning points in the transformation to h-GPUs for regional airports here
and beyond to facilitate replicability in other regions.
e Proposing recommendations to support policy, stakeholders enhancing knowledge, and
facilitating further research.
This report first provides an overview of the key findings in the transition of ground power units
(GPUs) by referring to the specific tasks outlined above. The report then presents detailed analyses,
models, and findings in the Appendices A, B, and C. Appendix A presents the results of the
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environmental impact assessment of deploying h-GPUs, including the assessment of potential
emissions and mitigation strategies. Appendix B provides the results of the cost-benefit analysis
of deploying h-GPUs. Finally, Appendix C discusses the barriers to the hydrogen transition for
GPUs, including a comprehensive analysis of the economic, technological, political, regulatory,
social, and environmental factors that must be addressed to ensure successful implementation.

1. Life Cycle Assessment

Increased awareness on environmental sustainability calls for emission-free solutions in GPUs
(Barke et al., 2020). Accordingly, replacing the fossil fuels with renewable sources is an important
step to decrease greenhouse gas emissions. Hydrogen can be used for this purpose. However, this
transition will necessitate establishing a transportation infrastructure or local production facilities.
It is worth noting that emissions from the production and transportation of hydrogen also
contribute to the sector's carbon footprint (Wulf et al., 2018). Therefore, to entirely assess the
environmental impact of h-GPUs, it is crucial to consider the whole lifecycle of the unit, from
production to disposal, as well as all its related activities (Cetinkaya et al., 2012; Wulf &
Kaltschmitt, 2018). In order to map the environmental impacts of the h-GPUs by an on-site solar

power plant, a LCA analysis has been performed in this research.

This analysis has been utilized to determine the amount of carbon dioxide (CO2) reduction that
can be achieved by replacing diesel GPUs with h-GPUs. Further, a comparison between the diesel
and hydrogen supply chain LCA is provided.

The first stage of the LCA is inventory analysis to determine the materials used in each supply
chain component. Related data is gathered from a thourough review of previous literature, expert
opinions, and semi-structured interviews. The semi-structured interviews focuses on obtaining
information about the materials, production processes, and usage phases. Additional information
is gathered from the Ecoinvent database within SimaPro 9.4. The second stage of this LCA
investigates the environmental impact, which is categorized into various impact categories
(Curran, 2015). The emissions within each category are analyzed individually (Goedkoop, 2008).
The selection of impact categories is based on commonly used categories in related studies. The
primary focus of this research is on the GWP (Global Warming Potential), with the ReCiPe method
used to assess emissions in other impact categories. The final step of this method involves the

interpretation of the results and determining their alignment with the defined goals.

The results are assessed based on different settings of airport operations. The base scenarios are
established using the information provided by Groningen Airport Eelde (GAE). Five scenarios are



developed based on potential flight frequencies (a single flight vs three, five, ten, and fifteen
flights) departing per day. The environmental impacts of h-GPUs are evaluated by considering
production, transportation, and storage necessities. Similarly, comparable scenarios are developed
for the diesel supply chain by focusing on the diesel production, transport, storage, diesel GPUs,
and diesel combustion. The comparison of the environmental impacts of d-GPUs vs. h-GPUs and

the diesel vs. hydrogen supply chain are presented in the following subsections.

1.1 Environmental Impact of Diesel vs. Hydrogen-based Ground Power Units

In order to investigate environmental impact of diesel vs. hydrogen-based GPUs, the Global
Warming Potential (GWP) of the two options is analyzed. Results are depicted in Figure 1 and
Table 1. The life cycle GWP of the diesel GPUs is significantly higher than that of the hydrogen
GPUs. The diesel GPUs has a GWP of 41,17 kg CO2-eq, which is 10.4 times larger than the 3,90
kg CO2-eq of the h-GPUs. Results indicate that the major contributor to the difference in GWP
between the two GPUs is the generating set inside the diesel GPUs, accounting for 98.3% of the
total GWP. Using renewable energy sources in the production process of the generating set could
significantly reduce the GWP of diesel GPUs. Materials used for the converter and packaging of
both GPUs are similar, resulting in similar GWP amounts for those components. The only
component of the h-GPUs with a higher GWP than its counterpart in the diesel GPUs is the storage
tank, which has a GWP more than three times higher than the diesel storage tank.

Table 1. GWP of the different components of the diesel GPU compared with the GWP of the
components of the hydrogen GPU

d-GPU h-GPU
Unit GWP Unit GWP
(x1000) (x1000)
Generating kg CO2-eq = 40.47 Fuel Cell kg CO2-eq 2.89
Set

Diesel kg CO2-eq 0.06 Storage kg CO2-eq 0.19
Storage

Converter kg CO2-eq 0.40 Converter kg CO2-eq 0.40

Packaging kg CO2-eq 0.20 Packaging kg CO2-eq 0.20

Waste kg CO2-eq 0.04 Battery kg CO2-eq 0.12

Management
Total kg CO2-eq = 41,17 Waste kg CO2-eq 0.11
Management
Total kg CO2-eq 3.90



d-GPU vs h-GPU
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Figure 1. The GWP of the separate components of the d-GPUs and h-GPUs

1.2 Environmental Impact of Diesel vs. Hydrogen Supply Chain

In this section, we extend our GWP analysis to incorporate the overall supply chain components
of both types of GPUs. Five different scenarios are established based on a single flight, three, five,
ten, and fifteen flights departing per day. The GWP for the supply chain involves the production
phase of all components, the usage phase and the disposal of all components. The burning of diesel
in the diesel GPU and water usage in the hydrogen GPU are further considered in the calculations.
Table 2 and Figure 2 provides a visual representation of the comparison between the GWP of the

overall supply chain for the diesel and the hydrogen GPUs.

Table 2. The global warming potential of one year for the d-GPU and the h-GPU
GWHP (kg CO2-€q)

Scenario Unit d-GPU h-GPU
(x10,000) (x10,000)
Scenario 1 1 flight a day 36.40 1.17
Scenario 2 3 flights a day 109.06 3.01
Scenario 3 5 flights a day 182.43 4.90
Scenario 4 10 flights a day 362.49 9.51
Scenario 5 15 flights a day 543.65 14.20
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Figure 2. A comparison in global warming potential between the supply chains of the d-GPU
and the h-GPU

The LCA results indicate that a hydrogen supply chain is much more environmentally friendly than
a diesel supply chain. The GWP of the hydrogen supply chain is lower in every scenario and the GWP
of the diesel supply chain increases with the number of flights. The hydrogen supply chain is more
favorable, with a difference of 31.1 times in scenario 1 which is based on a single flight departing per
day and 38.3 times in scenario 5 which is based on fifteen flights departing per day. As the number
of flights increase, the hydrogen supply chain becomes even more favorable due to the scalability of
production and storage.

To provide a different perspective on this GWP amounts we can compare them to the GWP of human
beings, and passenger cars. For scenario 3, which assumes five flights leaving GAE per day, the
hydrogen supply chain has a GWP of 49,000 kg CO2-eq per year, while the diesel supply chain has
a GWP of 18,243,000 kg CO2-eq per year. In comparison, a human has a GWP of 4,470 kg CO2-eq
per year (Statista, 2022). This means that the hydrogen supply chain has an environmental impact
equivalent to almost 11 humans, while the diesel supply chain equals 4,081 humans. Likewise,
driving a diesel passenger car has a GWP of 0.178 kg CO2-eq per km. The GWP of the hydrogen
supply chain is equivalent to 275 thousand kilometers, whereas the diesel supply chain is equivalent
to 102 million kilometers (Helmers et al., 2019). Based on these comparisons, it is evident that using
hydrogen to power the GPUs is much more environmentally friendly than using diesel. However, the
solar park and the hydrogen storage are points of improvement for the hydrogen supply chain. Further

research into hydrogen storage and PV panels can benefit further reduction of those emissions.
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Appendix A contains a comprehensive discussion of the LCA analysis regarding the deployment of

hydrogen in GPUs.

2. Cost and Benefits Analysis

The second objective of this research is to provide a cost and benefits analysis for the transition to
h-GPUs by assessing economic feasibility based on the entire lifecycle of the h-GPUs. To assess
the financial feasibility of investing in h-GPU for regional airports, the model is developed by
considering the net present value (NPV) of the investments. This analysis includes several cost
components such as the CapEx (capital expenses) for the energy devices (d-GPU, h-GPU, HST,
and electrolyzer), and the annual OpEx (operational expenses) which is made up maintanence cost
and the cost of energy (COE). The COE is determined by the demand for hydrogen, electricity,
and diesel, which varies depending on the type of GPU utilized.

For the hydrogen setting, the general framework of the airport energy supply and demand can be
represented as in Figure 3. The energy is sourced from the grid and/or PV and utilized by the
terminal, h-GSEs and h-GPUs for daily operations. The utilization of the h-GPUs depends on flight
frequencies, whereas the energy production of the solar park is subject to variations in solar
irradiance and temperature. Obtaining energy from the grid acquires financial costs. The PV is
assumed to be directly connected to the electrolyzer to prevent energy losses. The microgrid
transforms the electricity obtained from the national grid or PV to the terminal for daily operations
or transfers the national grid electricity to the electrolyzer for producing hydrogen. In the diesel

setting, emissions produced by d-GPUs require the imposition of a carbon tax.

Input/ Output/
Supply Demand
National Grid } >
weoaa) | [Toen e
|coneratere |
cocscne | i ,
o T E"m e
+| Electrolyrer
Salar irrandiance

Figure 3. Airport Energy Supply and Demand Layout (adopted from Xiang et al., 2021)

The model data is primarily sourced from the airport and its stakeholders. Additionally,
guantitative data from various sources such as literature, public sources, and reports is utilized.
The study incorporates various experimental factors, such as green hydrogen production by solar
energy and hydrogen demand at the airport, to determine the relevant variables. These factors are
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analyzed based on prior research, and a cost model is developed to comprehensively assess the
associated costs. The base scenario is developed by considering the current low flight frequency
at GAE. We note the effect of Covid-19 on flight frequencies at all airports. Three scenarios are
then developed as an extension from the base model where for example flight frequencies are

increased and carbon tax policies are introduced. These scenarios are listed in Table 3.

Table 3. Overview of Scenarios

Demand €Oz Tax
Baseline Based On The Current Flight Frequency No
Scenarios
A (Doubled Demand) Based On The Doubled Flight Fraquency No
B (COz Tax) " Based On The Current Flight Frequency Yes

C (Doubled Demand And COz Tax) Based On The Doubled Flight Frequency Yes

We first summarize our analysis for the cost components of the d-GPUs and h-GPUs for the base
case where we consider low flight frequencies and where CO2 emissions are not financially
penalized. It should be noted that, since for the use of a h-GPU, the infrastructure for hydrogen
production should also be built, we consider its overall supply chain. On the other hand since diesel
is more accessible we assume that the fossil fuel is externally sourced. The results of the cost
analysis is represented in Figure 4. The analysis shows that the total capital investment required
for the h-GPU is €200.000, whereas this stands at €85,000 for the d-GPU. If we consider the entire
hydrogen infrastructure equipment, the total capital investment amounts to €1.2 million. The
maintenance cost for h-GPU, and d-GPU are, €32,000, and €50,000, respectively. Notably, the
maintenance of the h-GPU is lower than that of the d-GPU, which is consistent with the previous
research conducted by Eefting (2022). The operating expenses of the entire hydrogen supply chain,
amounts to €5.25 million. The COE for the h-GPU is €143000, whereas this is €79,000 for the d-
GPU since the per unit cost of hydrogen is higher than the per unit cost of diesel at the infancy
stages of hydrogen economy. The calculation of the annual COE is done by multiplying the annual
hydrogen consumption by the current hydrogen unit cost. Likewise, the COE for the d-GPU is
calculated by multiplying the annual diesel consumption by the diesel price. The energy

consumption of hydrogen and diesel is obtained from the cost model.
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Figure 4. Cost Assesment of h-GPUs and d-GPUs
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Figure 5. Portion of Maintenance Cost and COE within the OpEXx (a: h-GPU, b: d-GPU)

Figure 5 shows the portion of maintenance cost and COE of GPUs within the OpEx. The COE
accounts for the majority of the OpEx of the h-GPU, representing 82%. The remaining 18%
corresponds to the maintenance cost of h-GPU. The maintenance cost and COE of d-GPU accounts
for 39 % and 61%, respectively. These findings suggest that, while the h-GPU incurs higher energy
costs, it has lower maintenance cost over its lifetime than the d-GPU. The difference in these cost
proportions is primarily attributable to the higher hydrogen unit cost than diesel unit cost. However,
it is expected that if the hydrogen demand increases and hydrogen consumption levels rise, the cost
of hydrogen per unit will decrease, leading to a reduction in the overall COE. The h-GPU project
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provides an opportunity to diversify its revenue sources beyond electricity sales, that is by hydrogen
sales. Hydrogen sales make up 46% of the overall revenue, while electricity sales constitute the
remaining 54% for the h-GPU. The hydrogen production cost is predicted to be €5.97 per kg., which
is expected to decrease over time. The current market price for selling hydrogen can be approximated
as €17 per kg. In the long term, this is expected to decrease aligning closer with the production cost.
Therefore, although the introduction of hydrogen sales provides the airport with an opportunity to
diversify its revenue opportunities, it is crucial to consider that the revenue generated by hydrogen
sales may stabilize over time. As can be seen in Figure 6, for the base case where we consider a low
flight schedule and no CO- taxes, the h-GPU's revenues will be insufficient to cover its costs from
2035 onwards. The cumulative revenue for the h-GPU and d-GPU is €8.3 million and €5.5 million,
respectively. Although the h-GPU generates more revenue than the d-GPU, its net present value
(NPV) is lower than that of the d-GPU. This is because the total cost of transition to hydrogen is
higher than that of the d-GPU and revenue for HGPU is used to cover the costs. The analysis
highlights the significant contribution of hydrogen sales to the overall revenue of the airport.
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Figure 6. Annual Profit of h-GPU and d-GPU
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Figure 7. The NPV for h-GPU and d-GPU for all scenarios

We continue our analysis with summarizing the results for the scenarios presented in Table 1. We
underline that this study incorporates the overall hydrogen supply chain in the calculations. As
depicted in Figure 7, the results indicate that the h-GPU has a higher net present value (NPV) than
the d-GPU in Scenario A and C. Especially, in the combined scenario where the demand is
doubled, and the carbon emission tax is implemented (Scenario C), the transition to h-GPUs create
an important market opportunity for the airport. The unit cost of hydrogen drops from €5.97/kg to
€3.80/kg, which leads to an increase in the NPV for the h-GPU. The cost for the d-GPU increases

with the carbon emission tax, leading to a lower NPV.

Sensitivity analyses is carried out in order to observe the effects of critical variables such as the
electricity price, carbon tax and the diesel price. The sensitivity analysis conducted within the
simulations shows that the carbon emission tax has a significant impact on the total cost of the d-
GPU. Additionally, the analysis demonstrates a close link between the unit cost of electricity and

the hydrogen production cost.

In conclusion, the results show that deploying a h-GPU system at an airport can lead the path to
important market opportunities, particularly when considering increased flight frequencies and the
adaptation of the carbon emission tax regulations. Transitioning to h-GPUs can be considered
under adequate hydrogen demand that can stem from both airside and landside operations. We

refer the reader to Appendix B for the details to the cost study and the results..
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3. Barriers towards the transition to Hydrogen-Based Ground Power Units

Hydrogen is widely recognized as a crucial energy carrier for achieving net-zero emissions, as it
offers an effective means of storing renewable energy. However, replacing conventional energy
sources with hydrogen poses significant challenges. Exploring the potential barriers to establishing
a hydrogen ecosystem at the local level is necessary. Table 4 summarizes the barriers towards the
transition to h-GPU.

Table 4. Barriers to transition to h-GPUs

Business model hydrogen
Diesel cheaper

High hydrogen price

High investment costs

No viable business model
Subsidies

Availability

Hydrogen infrastructure
Technology excists
Research and knowledge
Technical staff and skills
Technology development
Missing stimulating policy
Policy not consistant and slow | Political and regulatory
Regulation barriers
Permits

Hinder environment
Inform public

Positive for environment
Safe and responsible
Resistance airport Social and

Safe distance people environmental barriers
Safety concerns

Social acceptance
Social support hydrogen
Support airport

Economic barriers

Technological barriers

Economic barriers impede the widespread adoption of hydrogen as an energy source, primarily
encompassing high investment costs, operational expenses, the feasibility of business models, and
subsidy acquisition. Hydrogen faces an unfavorable comparison to fossil fuels due to its high
operating and capital expenditure. The primary drivers of these costs are high hydrogen pricing
and investment costs. As such, an economically feasible business model is challenging, especially
for small-scale airports and businesses with limited budgets. Nevertheless, experts are optimistic
that this scenario will change by 2040, given the expected rise in hydrogen supply and demand,
leading to price reductions. Additionally, augmenting renewable electricity supply will lower the
cost of producing green hydrogen, further propelling hydrogen's competitiveness relative to fossil

fuels.

The second main barrier of this transition is technical barriers which are linked to inadequate
infrastructure, insufficient knowledge and skills, and limited applications. Currently, the hydrogen
supply chain requires substantial investments to develop infrastructure on a large scale. There are
currently few fuel cell electric vehicles (FCEVs) and refueling stations available due to limited

hydrogen production on a large scale. Parties interested in promoting hydrogen use should invest
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in infrastructure and manufacturing facilities for fuel cell buses, trucks, and cars, among others.
Moreover, qualified personnel is scarce in this sector, and more technically skilled employees are
necessary to develop hydrogen infrastructure and applications. From a technological standpoint,
hydrogen technologies are available, but integrating and scaling them is a challenge, particularly
due to the mentioned economic barriers. The industry encounters challenges, lacking policies, and

platforms to meet market demands for qualified employees.

Lack of regulations and standards, government knowledge, and complicated regulatory procedures
can hinder the widespread adoption of hydrogen as an energy source. To overcome these political
and regulatory barriers, the government needs to play a pivotal role in developing the market and
reducing uncertainties. Additionally, social and environmental barriers such as a public lack of
knowledge, safety concerns particularly due to perceived nuisance, also impede the progress of
hydrogen adoption. To address these barriers, there needs to be an intensive effort to educate the
public about the benefits of hydrogen and its safety and to find ways to mitigate their perceived
nuisances, such as by locating hydrogen projects taking into account safety factors. The results
indicate that there is relatively high social support for hydrogen projects as they can positively
impact the environment and can be carried out safely at a distance from people. However, there
are still safety concerns, particularly from people living near a hydrogen project, indicating that
society needs to gain more knowledge about hydrogen. For instance, Groningen Airport Eelde's
social acceptance is controversial, with opponents highlighting pollution, nuisance, and financial

losses while supporters emphasizing its significance to society and the economy.

According to the literature, gaining social acceptance for new technologies and infrastructure can be
a contentious process, which may result in protests from the population. To achieve social acceptance,
it is essential to understand societal situations and conflicts, which can range from controversial
arguments related to security, competitiveness, and environmental protection to consensual views on
the common goal of addressing climate change and zero-emission targets (Glanz & Schénauer, 2021;
Wu et al., 2022). However, achieving social acceptance for hydrogen ecosystems in airports can be
particularly challenging due to the presence of both supporters and opponents in society. Despite
concerns about combustible and explosive safety risks associated with building hydrogen
infrastructure around communities, sustainable aviation practices such as electric flying can
significantly reduce noise and pollution, which can help to reach broader social acceptance. To
achieve this goal, embracing technology openness, information transparency, and citizen
participation in the implementation process is essential, which can lead to broader acceptance. It is

important to note that social perception and acceptance can appear contradictory, and it is not helpful
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to reduce these arguments to residents' irrational, selfish, or uninformed motivations. Instead, these
should be taken seriously and included in the implementation processes through transparency and
participation. Thus, effective engagement and collaboration with stakeholders can facilitate dealing

with mentioned barriers.

Appendix C of the research report provides a comprehensive discussion of the potential barriers that
impede the implementation of h-GPUs at regional airports. The following section discusses the
development of a feasible pathway for the transition, structuring of a roadmap to serve as a blueprint,

and the identification of the learning points to address the mentioned barriers.

4. Learning Points

Groningen Airport Eelde (GAE) aims to become Europe's first Hydrogen Valley Airport as part of
the larger Hydrogen Valley initiative (GAE, 2021). GAE collaborates with external stakeholders such
as the Province of Drenthe and Holthausen Clean Technology to develop a project that involves
converting d-GPUs into h-GPUs, powered by solar energy from the airport's solar park or electricity
from the grid. GAE is part of the Interreg North Sea Programme. It aims to be a pilot study for other
airports by using green hydrogen and locally producing, distributing, and storing it (GAE, 2022).
Although the analyses linking environmental and economic impacts of the GPUs through LCA and
cost-benefit analysis were based on operational parameters specific to a particular airport, this study
framework can serve as a blueprint for assessing environmental and economic feasibility across

airports of diverse sizes and scopes.

The findings of this research can be applied to regional airports with specific characteristics. One
important limitation regards to the land availability. Having sufficient space to install a solar park,
electrolyzer, and a storage unit is important. Additionally, it is crucial to have access to external
hydrogen demand opportunities to be able to generate revenue from selling excess energy since
especially in the early stages of the transition the expected demand may be low and therefore be more
costly. Looking into opportunites for the airport to serve as a hydrogen hub is therefore important for
the success of the transition. The idea is to develop airports as "hydrogen hubs" to create the necessary
market. To scale up the use of hydrogen in airports, a significant investment in infrastructure will be
required. This includes the production, storage, and distribution of hydrogen fuel. Private investments
can be attracted to build this infrastructure. It is essential to consider the most efficient and cost-

effective methods for each of these processes to ensure scalability.

Compared to regional airports, larger airports have different characteristics and limitations. They

serve higher demand with higher frequencies. Operating on electricity based vehicles may be
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problematic due to congestion issues on the electiricty grid. They are more likely to realize the
hydrogen demand with their own GSE fleet and are therefore less dependent on external hydrogen
markets. This also underlines the importance of large airports to have reliable and continuous access
to hydrogen. It is necessary to ensure the availability and stability of this supply. This may entail the
necessity for connections to the national hydrogen pipeline network. Developing a hydrogen hub in
the surrounding region of the airport may help to achieve this. For example, in the future, the Port of
Rotterdam could become a hydrogen trade hub (IRENA, 2022) and potentially support energy
demand at Schiphol airport.

Local supply of hydrogen at larger airports can also be realized in areas where solar energy can be
effectively utilized. However, these large airports are more likely to have restrictions on land
availability. Depending on the location, installing a solar park may not be feasible from a spatial and
technical perspective. Connections to wind parks may also be considered as an alternative solution
(IRENA, 2022).

Hydrogen is a highly flammable gas, and therefore, safety is a critical concern when using it in
airports. It's crucial to have robust safety protocols and procedures in place to mitigate the risks
associated with hydrogen fuel. These protocols should cover everything from fuel storage and
handling to maintenance and operations. Regulations and standards for the use of hydrogen in airports
are still evolving. To achieve scalability, it is crucial to work closely with regulatory bodies to ensure

compliance with all relevant regulations and standards.

The LCA results indicate that the highest GWP among all hydrogen supply chain components is due
to the solar park. Advancements in the solar technologies to reduce the emissions is therefore crucial
especially when considering the emissions within the boundaries of the airport when local production
is followed. If the hydrogen is supplied externally, then the supply chain must be robust enough to
support scalability. This includes everything from sourcing the raw materials needed to produce
hydrogen to the delivery of hydrogen fuel to the airport. It is then important to consider the potential
bottlenecks in the supply chain and develop strategies to overcome them. It is worth noting that the
supply chain and the cost of diesel, electricity, and hydrogen can vary significantly across nations due
to different policies and regulations, which could impact the cost analysis for airports and yield results
that differ from those presented in this study. Likewise, public perception of hydrogen as a fuel source
is critical for scalability and this can again have different influence among different regions. It is
essential to communicate the facts related to hydrogen clearly, including its environmental benefits

and economic figures.Addressing any concerns the public may have about the safety of hydrogen fuel
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is important for achieving scalability. The detailed learning points of hydrogen transition in GPUs

are further discussed in the Appendices A, B, and C.

5. Implications

The Paris Agreement targets a significant reduction of carbon emissions by 2030, which entails that
airports should divert to sustainable settings such as by using hydrogen-based groud service
equipment. To realize this transition, the airport needs a feasible business model supported by
subsidies, and regulations. This research highlights various practical implications for decision-

makers, managers, local and global authorities to facilitate this.

From the local and global authorities’ perspective, governments need to establish clear policies and
regulations that facilitate a practical business model in order to promote a successful transition to
hydrogen. They should provide the necessary support to municipalities that require additional
information and better frameworks to assess safety-related permits, thereby increasing accessibility
to hydrogen for smaller businesses. In addition, governments should subsidize and encourage
hydrogen deployment through tax incentives, subsidies, loans, and grant programs to balance the high
investment costs associated with the new technology. These initiatives will not only foster renewable

energy sources investments but also support the achievement of decarbonization targets.

Currently, hydrogen technology is not mature enough to compete economically with fossil fuels.
Considering the early stages of the hydrogen economy, a probable setting to overcome infrastructural
challenges and the economic struggles is to produce hydrogen at or near the airports. Demand from
an airport should then be high enough to enable economic viability. Thus, it is essential to generate
demand from nearby industries to strengthen this positioning. It is imperative for the stakeholders and
the governance to provide supportive policies to facilate the formation of hydrogen hubs within the
airport regions. This entails the involvement and the co-working of different stakeholders. This
cooperation includes businesses, governing agencies and the society. In that respect, in order to ensure
social acceptance, airports can implement practices that promote technology openness, information
transparency, and citizen participation. Civil society and critics should be involved in the decision-

making processes, and applications that would enhance social acceptance should be implemented.

Laws and regulations will dictate how we attain the net-zero emissions targets. Some policies may
need to be redesigned and discussed. For example, currently, it is not possible to create an autonomous
grid in the Netherlands due to the laws and regulations. Therefore, instead of direct connections, solar

parks and electrolysers are first connected to the grid, which leads to considerable losses. Creating an
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autonomous grid reduces the needed number of solar panels, thereby lowering the GWP of the

hydrogen supply chain.

Technological innovations in the hydrogen infrastructure is one other key point affecting the roadmap
towards low-carbon emissions. Innovation in electrolyser technologies is critical to ensure that this
technology plays its role in the transition to a net zero energy system. Investment in new technologies
that will increase electrolyzer efficiency can result in more hydrogen production with the same
amount of renewable electricity. Focusing on material selection and the number of materials used
during production makes a significant difference in the amount of carbon emissions. For example, if
the multi-connected silicon panels used in PV panels is replaced with organic PV panels reduction in
emission counts can be attained since solar parks constitute the largest share of the total GWP of the
hydrogen supply chain. Recycling and reuse of materials in the supply chain components should be
also be considered for lowering the overall emissions. Rather than being discarded at the end of their
lifetimes, PV panels, electrolyzers, and fuel cells should be designed to allow for the majority of their
metals to be recyclable.

There is a crucial need for skilled and certified personnel in the hydrogen sector. This is due to the
limited pool of qualified professionals and the relatively new and evolving nature of this sector.
Airport managers may play an important role here by providing training programs that help
employees gain essential skills and knowledge. To address this challenge that impacts various sectors,

it is vital to form alliances among various fields and academic institutions.

As a conlusion, the main emphasis of transition to hydrogen is positioned on addressing legislations,
ensuring sufficient markets, preparing the industry for the advancement of hydrogen-powered
technologies, and encouraging collaboration among different stakeholders. Investing in trainings,
education, research and innovation is becoming increasingly important for countries striving to stay
ahead of the developments and be a front runner, The transition to a low-carbon society, requires the

development and implementation of effective regional and national strategies.
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Appendix A. Replacing diesel-powered GPUs with hydrogen-powered GPUs - A study
investigating the environmental impact of those GPUs and their supply chains

Abstract

This research aims to study the environmental impact of a hydrogen Ground Power Unit (GPU)
powered by an on-site solar power plant. The reason for studying this is that the emissions within the
aviation industry have to decrease. GPUs are responsible for 10% of the total emissions in the aviation
industry. Therefore, improving GPUs, such that the emissions will be reduced, will be a positive
development for this industry. Life cycle assessment (LCA) analysis is used to get an insight into the
Global Warming Potential (GWP) of the hydrogen GPU supply chain compared to the d-GPU supply
chain. Groningen Airport Eelde is used as a case, and using scenario development, multiple supply
chain sizes are studied. Other impact categories, such as human health and resource scarcity, are also
considered. The LCA consists of the whole supply chain from production using photovoltaic (PV)
panels, electrolysis, storage, and, eventually, the GPU. The GWP of the hydrogen GPU is lower than
the GWP of the d-GPU. Additionally, the GWP of the hydrogen supply chain is also lower than the
GWHP of the diesel supply chain. However, the solar park and hydrogen storage are points of
improvement for the hydrogen supply chain. To conclude, replacing d-GPUs with hydrogen GPUs
helps reduce CO, emissions. However, further research into hydrogen storage and PV panels can
help further reduce those emissions. Due to the scenario developments, this research is useful for
small-scale and large-scale airports considering using a hydrogen GPU. Additionally, parts of this
research can be helpful for other industries using hydrogen, such as the automotive industry, in

producing and installing infrastrure for hydrogen vehicle.
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1. Introduction

Ground power units (GPUs) are a significant source of carbon emissions in the airport sector (Testa
et al., 2014). The application of the GPUs is to supply energy to aeroplanes while they are on the
ground (Baxter et al., 2018). Mobile GPUs usually have a diesel engine-powered generator (Selema
et al., 2019). However, environmental sustainability increases the need for emission-free solutions in
every sector, including the aviation industry (Ellaban et al., 2014). Furthermore, the expectation is
that transportation through the air will increase in the coming years, which enlarges the need for
equipment with low environmental impact (Testa et al., 2014). Accordingly, substituting d-GPUs

with renewable sources can reduce greenhouse gas emissions (Testa et al., 2014).

Two options are considered to replace the d-GPU, a battery GPU and a hydrogen GPU (Hoelzen et
al., 2022). However, the battery GPU is out of the research scope because the capacity of a battery
GPU is insufficient for large aeroplanes and aeroplanes connected to a GPU for a couple of hours
(Eisenhut et al., 2021). In Contrast, hydrogen GPUs can be a solution for the aviation industry.
Hydrogen is an energy carrier and can be generated in different ways (Qyyum et al., 2021). To use
hydrogen in the aviation industry, infrastructure for transportation or a local production facility is
needed to power an airport with hydrogen (Barke et al., 2020). Importantly, building this
infrastructure and transporting the hydrogen also contributes to emissions within this sector (Wulf et
al., 2018). Therefore, to map the environmental impact of a GPU, it is essential to not only focus on
the usage phase of the unit. The whole life cycle from production to disposal has to be considered, as
all the side activities (Ceinkaya et al., 2012). The production facilities and the needed infrastructure
are all part of the impact of a hydrogen GPU (Goralczyk, 2003). Life cycle assessment (LCA) analysis
is a method that tries to map the environmental impact of a system in multiple stages. Those general
LCA stages are raw material extraction, production, usage, and disposal (Wulf & Kaltschmitt, 2018).

The LCA of the hydrogen GPU compared to the LCA of the d-GPU gave an overview of the
difference in environmental impact between them. Apart from reducing emissions in the usage stage,
the emissions during transportation, manufacturing, and eventually disposal must be reduced
(Ceinkaya et al., 2012). In literature, multiple LCA analyses related to hydrogen and renewable
energy sources are performed. For example, Wulf & Kaltschmitt (2018) did an LCA of hydrogen
used in electric vehicles. Barke et al. (2020) conducted an LCA in the aviation industry, focusing on
aircraft. Another LCA was performed for the aviation sector by Siddiquin & Dincer (2021), who

conducted an LCA of different fuels for the aviation sector. At last, a comparative LCA performed
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by Kawamoto et al. (2019) compared an electrical motor with a diesel motor. However, an LCA of a

hydrogen GPU still needs to be performed.

In this research, the focus lies on the hydrogen GPUs and the supply chain needed to power them. In
addition, the LCA will help to better understand how much CO2 emission will be reduced if a

hydrogen GPU is used instead of a d-GPU. The research question, therefore, is:

Using LCA, what is the environmental impact of a hydrogen GPU and its supply chain? How

significant are the emissions compared to a d-GPU?

For this research, the scale of the airport and, thereby, the number of PV panels, the capacity of the
electrolyser and storage were required, as well as the materials and processes needed to produce those
components. The LCA performed in this research indicates the size of the reduction of the global
warming potential (GWP) if hydrogen GPUs are used instead of d-GPUs. In particular, this research
is helpful for airports willing to change to hydrogen GPUs. In addition, the results of the LCA will
help in identifying potential research areas for improving the GWP of the hydrogen supply chain.

The next section of this research focusses on a literature review in the aviation industry regarding
LCA, renewable energy sources, hydrogen production, and GPUs. Furthermore, in the methodology
section, the LCA will be elaborated on in more detail as the data collection methods used.
Additionally, the GWP of the diesel and hydrogen supply chains and individual components of those
supply chains will be presented. Lastly, recommendations for decreasing the environmental impact
of the hydrogen supply chain will be given.
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2. Literature overview

The transportation sector is currently dominated by fossil fuels (Siddiqui & Dincer, 2021). In
particular, the aviation sector produces 2-3 % of worldwide carbon emissions (Hoelzen et al., 2021;
Papadis & Tsatsaronis, 2022). Solutions for reducing CO> emissions in the aviation industry include
efficiency improvements, operation improvements, switching to green fuels, and regulatory measures
(Papadis & Tsatsaronis, 2020). The aviation sector grew in the last decade by almost 5% per year,
making CO> reduction increasingly critical (Lai et al., 2022). Increasing fuel efficiency and reducing
the number of flights are two factors via which the most significant decreases in the short term in
emissions can be reached (Yu et al., 2022). However, most people are still eager to travel by plane
and unwilling to sacrifice this for the environment (Dube & Nhamo, 2019). This unwillingness makes
it unlikely that flight movements will decrease in the coming years (Dube & Nhamo, 2019). Replacing
conventional fuels with more sustainable fuels will reduce emissions (Yu et al., 2022). Sustainable
aviation fuel is already generated and used in the airport sector (Dube & Nhamo, 2019). However,
only enough sustainable aviation fuel is available to power 2% of the aviation industry (Dube &
Nhamo, 2019). The prospect is that this amount will not increase significantly in the short term.
Therefore, the focus on emission reduction in the aviation industry has to shift to other factors (Yu et
al., 2022). The GPUs are responsible for 10% of the total aviation emissions and produce similar
emissions as the aeroplanes (Dube & Nhamo, 2019; Balli & Calliskan, 2022). Therefore, focusing on
reducing GPU emissions could be a way to reduce the emissions in the aviation industry in the short
term (Balli & Calliskan, 2022). Currently, if mobile GPUs are used, they run on diesel and are used
to power aeroplanes while they are on the ground (Riveraet al., 2022; Yusuf et al., 2022). This section
will discuss the characteristic of the hydrogen GPU and the d-GPU. Subsequently, the supply chain
components needed to power these GPUs are addressed.

2.1 Ground Power Units

A GPU unit supplies external electric power to the aeroplane. When a plane arrives at an airport,
those units are transported and connected to the aircraft (Rivera et al., 2022). Figure 2.1 shows a
drawing of a GPU. The unit size is approximately 2.5 meters by 1.4 meters by 1.3 meters (Mobile
Ground Power Units, 2022). An advantage of a GPU unit is that the aeroplane’'s motor can be turned
off, reducing the noise produced by the engine (Jensen et al., 1998). Another advantage of the GPU
is related to costs; using a GPU, energy can be converted more efficiently than burning fuel in a jet
(Riveraetal., 2022). Additionally, this leads to less air contamination (Rivera et al., 2022). The power
of a GPU can be generated via an internal combustion engine or through electrical frequency

converters (Rivera et al., 2022).
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Figure 2.1 A schematic representation of a mobile GPU and its corresponding size (Mobile Ground
Power Unit, 2022).
2.1.1 Diesel Ground Power Unit

A GPU consists of a power converter, which is a generating set for a d-GPU. (Borup et al., 2004). A
generating set consists of a generator together with a diesel engine (Borup et al., 2004). The
combustion of diesel fuel leads to the generation of electrical power (Padhara, 2018). Figure 2.2
overviews the d-GPU’s three major components and input and output. The GPU consists of a diesel
engine, a diesel storage tank and a DC/AC converter (Borup et al., 2004). The volumetric density of
diesel is high, resulting in relatively small GPUs. Therefore, those can be placed close to the aeroplane
(Selemacetal., 2019). Another advantage of the d-GPU is its long lifetime and high reliability (Selema
et al., 2019). However, the emissions from those diesel engines are high (lhara & Tanaka, 2016).

Diesel engines mainly produce COx and NOx emissions (Padhra, 2018).

Diesel GPU
(.
E[ : Diesel Electricity
. E— —
I | N
i i Generating set DC/AC
Fuel station Diesel tank g v Acroplane

lGHG Emissions

Figure 2.2 A schematic overview of the d-GPU
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The supply chain of a d-GPU starts with the oil winning. From there, transportation trucks transport
the diesel towards the fuel station at the airport. The d-GPUs will be fueled from this fuel station and
can be used to power aeroplanes. An overview of the supply chain is given in Figure 2.3.

,\’.‘ —0—3 [I. —'?{

Oil extraction Transportation Fuel station Diesel GPU Aecroplane

Figure 2.3 The supply chain of the d- GPU
2.1.2 Hydrogen Ground Power Unit

Ina hydrogen GPU, the diesel unit is replaced by a power unit, which is a fuel cell driven by hydrogen.
The fuel cell inside the GPU generates electricity from hydrogen and oxygen, with water as a reaction
product (Stern, 2018). Therefore, fuel cells are pollution-free and can be used for large-scale
applications (Ellitzur et al., 2017; Stern, 2018). However, due to the low volumetric density of
hydrogen, large or multiple hydrogen tanks are required to deliver sufficient energy (Ellitzur et al.,
2017). Figure 2.4 depicts an overview of the main components of the hydrogen GPU and its input
and output. The GPU consists of a hydrogen tank that supplies hydrogen to the fuel cell. The
electricity generated within the fuel cell will be converted from direct current (DC) to alternating
current (AC) and provided to the aeroplane (Company A, 2022a; Borup et al., 2021). A battery
connected to the fuel cell keeps it running, like a car battery in a hydrogen car. The fuel cell will refill
the battery (Company A, 2022a). A cooling system ensures that the fuel cell is not overheated
(Company A, 2022a). A hydrogen supply chain must be installed to have sufficient hydrogen at the
airport for powering the GPUs (Hoelzen et al., 2022). This supply chain can be installed at the airport
for on-site production, or hydrogen can be produced off-site and transported to the airport (Yang &

Ogden, 2007). The coming section will discuss different aspects of the hydrogen supply chain.

2.1.2a Usage of hydrogen

The advantages of fuel cells compared to d-GPUs are the soundlessness and, more importantly, the
lack of carbon emissions in their usage phase. Water and heat are the by-products of the electrical
reaction in the fuel cells (Baroutaji et al., 2019). Proton exchange membrane fuel cells (PEMFCS)
and solid oxide fuel cells (SOFC) are the fuel cells of interest for this research (Delpierre et al., 2021).
PEMFCs produce hydrogen at low temperatures, between 60 and 120 degrees Celsius, and SOFCs
produce hydrogen at high temperatures, between 550 and 950 degrees Celsius (Renouard-Vallet et
al., 2010; Malik et al., 2021). The advantages of PEMFC compared to SOFC are higher efficiency,
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lower weight, and better suitability for small-scale applications (Malik et al., 2021). The advantage
of SOFC is that it does not require an entire clean stream of water and that the power density of SOFC
is better than that of PEMFC (Fernandes et al., 2018; Malik et al., 2021). Due to the higher efficiency

of PEMFC, those fuel cells are considered in this research.

Hydrogen GPU

' ™
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Cooling

Hydrogen Electricity
Storage tank Hydrogen Fuel cell DC/AC Aeroplane
tank converter
Battery
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Figure 2.4 a schematic overview of a hydrogen ground power unit

2.2 The supply chain of a hydrogen GPU at an airport

Figure 2.5 depicts the supply chain of the hydrogen GPU. The hydrogen supply chain starts with
generating renewable energy. Next, hydrogen is produced using an electrolyser and the generated
renewable energy. This will be stored in large storage tanks, and will be connected to a fuelling
station. Subsequently, the fuelling station will supply hydrogen to the GPU. Lastly, the GPU will

supply the aeroplane with electricity.
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Renewable energy Electrolyser Storage tank hydrogen GPU Aeroplane

Figure 2.5 The supply chain for the hydrogen GPU
2.2.1 Hydrogen production

Multiple mechanisms exist to produce hydrogen: electrolysis, thermal splitting, and gasification
(Stern, 2018). The method depends on the energy source. Therefore, only some methods are suitable
for the production of green hydrogen. An overview of the different energy sources and the
corresponding process for hydrogen production is given in Table 2.1 (Ellban et al., 2014; Qyyum et
al., 2021). The table shows that the three main energy sources are fossil fuels, nuclear power, and
renewable energy (Qazi et al., 2019). Renewable energy sources can be split into five kinds: biofuels
including biomass, solar energy, wind energy, hydropower, and geothermal energy (Bhandari et al.,
2014; Fontes & Feires, 2018). Hydrogen is an energy carrier often used as a storage method for
electrical energy. It is, therefore, often used in combination with solar energy and wind energy, as
those types of renewable energy need energy storage to manage supply and demand (Qyyum et al.,
2021).

The primary process of green hydrogen production is water electrolysis with electricity generated
through renewable energy sources (Hoezen et al., 2021; Bhandari et al., 2014). Production of green
hydrogen is without CO> emission. Generating hydrogen from coal and natural gas emits carbon
dioxide, nitrogen oxides, sulphate aerosols, and other particulates, which is unwanted for an emission-
free airport (Papadis & Tsatsaronis, 2022; Eisenhut, 2021). Producing hydrogen from biomass also
has CO> emissions and is not the preferred method for replacing diesel (Ortega Alba & Manana,
2016). Using nuclear energy at airports is in most countries not allowed due to potential risks (Lloyd,
2012). Considering renewable energy sources that do not emit CO2, Solar and wind energy are the
most suitable for on-site hydrogen production (Fontes & Feires, 2018). However, there are limitations
on placing large obstacles on an airport; therefore, wind energy is not a widely used renewable energy
option for airports (Ortega Alba & Manana, 2016). Leading to solar energy generated from PV panels
being the primary production source of renewable energy for airports (Xiang et al., 2019; Fontes &

Feires, 2018). Airports are an ideal location for PV panels, as they are large and shading-free (Ortega
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Alba & Manana, 2016). The panels can be stored on the rooftop of the airports or in open fields near
the airport (Xiang et al., 2019; Fontes & Feires et al., 2018).

PV panels can convert sunlight into DC electricity (Saravanan & Babu, 2017). This generated energy
needs to be used directly, or it needs to be stored in a storage system through hydrogen generation or
batteries (Venkateswari & Sreejith, 2019). A drawback of PV panels is their low efficiency and
seasonal character (Venkateswari & Sreejith, 2019). The most common PV panel is crystalline silicon
(Gerbinet et al., 2014; Asim et al., 2012). However, other PV panels are also available (Bagher et al.,
2015). Different types of PV panels can be classified based on two criteria (Bagher et al., 2015). The
first classification can be based on the number of light-absorbing material layers (Bagher et al., 2015).
One layer of absorbing material is known as single-junction PV panels, and multiple layers as multi-
junction PV panels (Friedman, 2010). Multi-junction PV panels have a higher efficiency than single-
junction PV panels (Friedmann, 2010). However, the downside is that extra materials are used for the
additional light-absorbing layers (Bagher et al., 2015). The second classification is the materials used
for PV panels. The first generation of PV panels is the widely used crystalline silicon PV panel
(Bagher et al., 2015). The second-generation PV panels are amorphous silicon panels. Those panels
use fewer construction materials. However, the efficiency is lower than the first-generation panels
(Bagher et al., 2015). The third-generation PV panels are not yet commercially available. In those
panels, organic materials are used. The prospects are that those panels can be generated at a lower
cost and with higher efficiency (Bagher et al., 2015). The multi-junction silicon PV panels are
considered in this research, as those panels have the highest efficiency of the commercially available
panels. As PV panels have to be produced, emissions and other environmental impacts during the
production of those PV panels have to be considered if the supply chain of the hydrogen GPU is
studied.
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Table 2.1 Energy sources and hydrogen production methods.

Energy

source

Renew | Description

able

Hydrogen production

Natural | No Natural gas originates from the Earth’s surface | Steam reforming (Qyyum
gas and consists of remains of plants and animals | et al., 2021)
(Hubert, 1949).
Coal No Coal is an organic material from thousands of | Gasification with CO:
years ago. Energy is generated by heating coal | (Qyyum et al., 2021)
and steam (Hubert, 1949).
Biomas | Yes Biomass is organic material from plants and | Gasification without CO;
S trees. It can be converted into heat, electricity, | (Qyyum et al., 2021)
energy and liquid fuels (Ellabban et al., 2014).
Wind Yes Wind energy is generated through windmills | Electrolysis (Qyyum et
energy and wind turbines. It uses the kinetic energy of | al., 2021)
air (Ellaban et al., 2014).
Solar Yes Solar energy is energy generated by the sun. | Electrolysis (Qyyum et
energy The generation can be done with PV cells or | al., 2021)
thermal systems (Ellabban et al., 2014).
Hydro | Yes Hydropower, in other words, water power, | Electrolysis (Tarnay,
power produces electricity by relying on lakes and | 1985)
rivers’ potential and kinetic energy (Li et al.
2018).
Geo- Yes Geothermal Energy relies on the extraction of | Electrolysis (Ghazvini et
therma heat from the interior of the Earth. Hot fluids | al., 2019)
I from the interior are subtracted at the surface
Energy and used to generate electricity (Barbier, 2002).
Nuclea | No Nuclear energy can be generated by splitting the | Thermal splitting (Qyyum
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r Uranium atom (Yildiz & Kazimi, 2005). etal., 2021)

sources

2.2.2 Storage of hydrogen

Hydrogen in gas form has a low mass density, 0.089 kg/m3 (Ellitzur et al., 2017). Therefore, storing
hydrogen on a large scale is complicated as it requires large amounts of space (Yusuf et al., 2022;
Yanxing et al., 2019). Storage of hydrogen is possible in multiple phases: as gas, as pure liquid, as
liquid organic hydrogen carriers, and in its solid state (Yanxing et al., 2019). An example of a liquid
organic hydrogen carrier is ammonia, and a solid state is metal hydrides (Hoezen et al., 2021; Qyyum
et al., 2021). There are three techniques for storing hydrogen; see Table 2.2. Firstly, hydrogen
liquefication can be done by cooling the hydrogen to a temperature of 20 K or equivalently -253,15
°C (Hoezen et al., 2021; Barthelemy et al., 2016). Liquefication will increase the density of hydrogen
to 71 kg/m3 (Ellitzur, 2017). However, the liquefaction process is highly energy-intensive and costly
(Papadis & Tsatsaronis, 2022; Hoelzen et al., 2022). According to Hoelzen et al. (2022), 31% of the
total costs from the hydrogen supply chain are caused by the liquefaction of the hydrogen. Secondly,
hydrogen can also be stored in hydrides. The material used for hydride storage is highly relevant, as
hydrogen has to enter the material and form hydrides. Temperature regulation within the storing
process is essential. The temperature has to switch between favourable for absorption and desorption
(Barthelemy et al., 2016). Thirdly, the least expensive and most mature option is compressed
hydrogen storage (Staffel et al., 2018; Ellitzur et al., 2017; Barthelelmey et al., 2016). However, a
significant downside is that hydrogen is stored under high pressure and requires large storage
capacities (Ellitzur et al., 2017).

There are multiple storage methods for compressed hydrogen. Hydrogen is stored in salt caverns,
large-scale storage tanks, and small-scale storage bottles (Wulf et al., 2018; Elburry et al., 2021). Salt
cavern storage is used for large-scale centralised storage (Wulf et al., 2018). Storage tanks and bottles
are used for decentralised storage (Elburry et al., 2021). Storage bottles are more suitable for storage
inside applications, and storage tanks are used for storage facilities (Staffel et al., 2018). Therefore,
the storage method considered in this research will be hydrogen storage in tanks. Metals used for
storage are stainless steel, aluminium, and copper alloys. The materials should be carefully selected
to prevent leakage (Elburry et al., 2021). Additionally, hydrogen can permeate some materials and

decrease their strength, eventually leading to failure (Elburry et al., 2021).
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2.2.2a Fuelling station

To fill the GPU, the hydrogen storage facility has to be connected to a hydrogen fuelling station (Wulf
& Kaltschmitt, 2012). The main components of a hydrogen fuelling station are a gas compressor, a
dispenser, and a hydrogen storage tank (Haskel, n.d.). Hydrogen is often stored at pressures of 350
bar or 700 bar (Wulf & Kaltschmitt, 2012). Wulf and Kaltschmitt (2012) discuss a fuelling station
that is in operation in Hamburg. This station consists of three storage tanks, a storage tank with low
pressure, a storage tank with medium pressure and a storage tank with high pressure (Wulf &
Kaltschmitt, 2012). The medium-pressure storage tank is used for excess hydrogen, such that this
hydrogen can be sold or used later (Wulf & Kaltschmitt, 2012). However, most hydrogen fuelling

stations store all hydrogen under the same pressure (Apostolou & Xydis, 2019).
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Table 2.2 An overview of the hydrogen storage methods.

Compressed

hydrogen

(Barthelemey et al.,
2016)

Liquid hydrogen
(Barthelemey et al.,
2016)

Hydride storage
(Barthelemey et al.,
2016)

Mechanisms

Hydrogen is stored

under high pressure;

Hydrogen is cooled to
a temperature of 20K.

Hydrogen molecules
dissociate first and

by compressing the | Hydrogen  becomes | then are absorbed in
hydrogen, the density | liquid and has a higher | the  material, and
of hydrogen | density than gaseous | hydrogen forms
increases. Energy is [ hydrogen. The cooling | hydrides with  the
needed for  the | of hydrogen requires | material.
compression. energy.

Volumetric density | Medium High High

Temperature Filling: 338-358 K [20K Heat management for
Emptying: 233 - 213 desorption and
K adsorption  reactions

important

2.2.3 Transportation

Production on-site or off-site is an essential characteristic of transportation because on-site production
asks for the transportation of hydrogen from storage to the application, and those distances are small
(Yang & Ogden, 2007). For off-site production, possible modes of transportation are trucks, ships,
trains, or pipelines (Hoezen et al., 2021). Pipeline transportation is the preferred transportation option
for large-scale hydrogen transportation (Staffel et al., 2018). However, the investment costs are high.
Therefore, on a smaller scale, compressed hydrogen gas and liquified hydrogen are preferred (Qyyum
et al.,2021; Staffel et al., 2018). In particular, compressed hydrogen tube trailers can be used (Staffel
etal., 2018).
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2.3 Contribution

This research contributes because it is the first to perform an LCA of the entire supply chain for an
on-site production facility. Appendix 1 shows an overview of LCAs done in comparable research
directions. LCAs of electrolysers, storage tanks, and fuel cells are performed (Agostini et al., 2018;
Benitez et al., 2018; Evangelisti et al., 2017; Koj et al., 2017; Kawamoto et al., 2019). Those research
can be used as input for performing the LCA of the entire fuel cell. Another gap in literature that this

research addresses is that an LCA of a hydrogen GPU still needs to be done.
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3. Methodology
3.1 Research design

A hydrogen GPU's supply chain was compared to a d-GPU's supply chain. The environmental
impacts of all components within those supply chains were considered to evaluate those supply
chains. On those analyses, recommendations and improvements for further research were given. The
LCA was performed according to 1SO14040 and 1SO14044 (ISO 14040, 2006; 1SO14044, 2018).
SimaPro 9.4 was used as software, in which the Ecoinvent 3 database was used for the LCA models
(Hjellvik, 2021). The materials needed for the LCA were collected via literature research consisting
of articles that performed similar LCAs of one of the supply chain components. In addition, interviews
with company representatives were conducted for data collection. In Appendix 2, an overview of the

interviewed companies is given.

3.2 Life cycle assessment

In LCA, the impact of systems and products is analysed from the production stage towards the
disposal stage (1SO 14040, 2006). A life cycle model should include every phase of the life cycle;
this consists of the raw material extraction, transport, production phase, usage phase, and disposal
stage (Masoni et al., 2011). An LCA indicates the impact on natural resources and the number of
polluting emissions (Masoni et al., 2011). The primary purpose of the LCA performed in this research
is decision making, whether a hydrogen supply chain is better than a diesel supply chain in terms of
environmental impact. An LCA is an appropriate method to answer the research question, as the
environmental impact is the result of the analysis. Via this method, multiple products or supply chains
can be compared with each other (Thies et al., 2019). This study also considered the environmental
impact if the number of aeroplanes leaving airport Eelde increases (Camilles et al., 2013). Therefore,

this research used a consequential LCA to answer the research question.

3.2.1 Goal and scope definition

This research focused on the supply chain of a d-GPU and a hydrogen GPU. So the two systems
studied have a function to supply energy for the GPUs used at airports. The functional unit was the
supply chain needed to power a ground power unit for one year. The components within the supply
chain have different lifetimes. Therefore, the environmental impact throughout the whole lifetime of
the element was divided by the element's lifetime which gave the environmental impact for one year.
Appendix 3 provides an overview of the components and their corresponding lifetime. For example,

a solar park has a lifetime of 30 years, so the environmental impact of the solar park was divided by
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30 to get the environmental impact in one year. A critical part of the life cycle was the disposal phase.
The studied GPU is new, and little is known about its recycling, recovery and disposal. In SimaPro,
a general waste and recovery scenario can be selected. Due to the unknown disposal phase, this

general waste scenario was chosen for the supply chain.

With the LCA results, the d-GPU's environmental impact was compared with the environmental
effects of the hydrogen GPU. Next, the diesel and hydrogen supply chain LCAs were compared.
Lastly, the individual parts of the hydrogen supply chain were studied to better understand the
environmental impact of the separate components. The LCA model of the hydrogen and d-GPUs and

their supply chain are presented in Figure 3.1 and Figure 3.2, respectively.
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3.2.2 Inventory analysis

A list of all materials was needed for every component of the supply chains. This data was collected
using a literature study of previously performed LCAs, interviews with experts and producers, and
data provided by them. Unstructured interviews were conducted, as the main reason for interviewing
was to collect data about the materials, the production process, and the usage phase. Additional
information was provided by the Ecoinvent database included in SimaPro 9.4. LCAs of some
components were already present in this database and could be used for this research. Appendix 4
presents an overview of all materials, processes and products put into SimaPro 9.4.

3.2.3 Impact assessment and interpretation

An LCA focuses on environmental impact, which can be grouped into impact categories (Curran,
2015). Emissions within those categories could be studied separately (Goedkoop, 2008). This study
determined the studied impact categories according to what is mainly used in related articles.
Appendix 5 gives an overview of the impact categories in related LCA studies. Based on Appendix
5, this research focused primarily on the global warming potential (GWP). Additionally, the ReCiPe

method was used to indicate the emissions in other impact categories.

The final stage of the study was the interpretation of the results. The results of the LCA had to align
with the defined goal and scope of the LCA. Based on those results, recommendations were made to

reduce the environmental impact of the hydrogen supply chain.

3.3 Scenario analysis

In this study, five scenarios were developed. Those scenarios were generated based on the number of
flights leaving per day. The amount of hydrogen and the corresponding infrastructure needed based
on this number. The scenarios are one flight, three flights, five flights, ten flights, and fifteen flights
leaving per day. The energy is produced with a solar park, an electrolyser is responsible for the
hydrogen production, and the hydrogen is stored at a fuelling station. The base scenarios are
developed based on information provided by Groningen Airport Eelde (GAE). More flights leaving
GAE impacts the entire supply chain as more flights lead to more hydrogen, more storage capacity,
a larger electrolyser capacity, and a more extensive solar park. For the diesel supply chain,
comparable scenarios were developed. The diesel supply chain consists of diesel production,

transport, diesel storage, the diesel GPU, and the burning of diesel.
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3.4 Validation and transparency

The output of the LCA will be validated by recontacting interviewees and reviewing other comparable
LCAs to see if the output matches. In addition, a list of all the materials and processes specified in
SimaPro will be provided to ensure transparency.

3.5 Case description

This study used GAE for a case study. GAE is a small-scale airport with, on average, two commercial
aeroplanes leaving per day in the summer (Company E, 2022). However, in winter, this number
decreased towards, on average, four flights a week (Company E, 2022). GAE aims to increase the
number of flights (Company E, 2022). Another aim of GAE is to have emission-free ground power
equipment by 2030 (Wal, 2030). A hydrogen supply chain will be installed to achieve this zero-
emission goal. GAE wants to produce onsite hydrogen through PV panels and an electrolyser
(Company E, 2022). A fuelling station will be built to store and supply the hydrogen to the GPUs
(Company E, 2022).

At GAE, Company C installed a solar park. This solar park generates renewable energy for hydrogen
production. The solar park has a capacity of 21.9 MW and consists of 63,196 PV panels (Company
C, 2022). The solar park will also be used for applications other than GPUs (Company E, 2022).
Therefore, only some of the solar park will be used as input for the LCA of the hydrogen GPU supply
chain. The same holds for the electrolyser; the capacity of the electrolyser installed at GAE will be

bigger than the electrolyser needed for the ground power unit.
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4. Scenario development

The following scenarios are researched:
- Scenario 1: one flight a day is connected to a GPU
- Scenario 2: three flights a day are connected to a GPU
- Scenario 3: five flights a day are connected to a GPU
- Scenario 4: ten flights a day are connected to a GPU
- Scenario 5: fifteen flights a day are connected to a GPU

4.1 Hydrogen supply chain

GAE produces renewable energy through a solar park and aims to connect this solar park to an
electrolyser for hydrogen production. This hydrogen can power the ground power units through a
fuelling station (Company E, 2022). Therefore, the hydrogen supply chain of GAE consists of a solar
park, electrolyser, fuelling station and a GPU. However, generating an autonomous grid for an on-
site supply chain is not feasible due to laws and regulations within the Netherlands (Company C,
2022). Therefore, the solar park and the electrolyser must be connected to the grid.

The following assumptions and calculations were performed to develop the hydrogen supply chain
for the five scenarios. According to Company B (2022), most flights are connected to a GPU for
between one and two hours. Therefore, this research assumed that an aeroplane is, on average,
connected to a GPU for one and a half hours. Additionally, 10 kg of hydrogen is needed to power the
GPU for one hour (Company A, 2022a). Consequently, on average, 15 kg of hydrogen is required for
one aeroplane connected to a GPU. The fuel cell inside the GPU also needs oxygen; this oxygen
reacts with hydrogen. Oxygen is a byproduct of electrolysis; it is assumed that the oxygen generated

in the electrolyser can be used in the GPU.

Sufficient hydrogen has to be produced to power the GPUs. Therefore, the capacity of the electrolyser
has to be suitable to produce this amount. According to Company D (2022), the amount of hydrogen
produced is linear with the capacity of the electrolyser. For example, a 1 MW electrolyser can produce
400 kg of hydrogen daily (Company D, 2022). Within the performed LCA, it was assumed that the
size of the electrolyser cell stack is related to the capacity of the electrolyser. The balance of plants
(BOP), consisting of all the components that support the electrolysis, is not linearly related to the
capacity of the electrolyser (Company D, 2022). In other words, the BOP are all the components that
are not part of the cell stack. Assumed was that the BOP from the electrolyser has the same size in

every scenario.

44



1000 kW kw

electrolyzer output per day m = 2.5 E per day

kw
2.5 E per day x 15 kg H, = 37.5 kW capacity electrolyzer

Thus, a 2.5 KW electrolyser is needed to produce 1 kg of H2 per day. Linearity was assumed; thus, a
37.5 KW electrolyser is required to make 15 kg of H2 per day. To produce 1 kg of hydrogen, an

electrolyser needs 53 kW of electricity (Levene et al., 2007). Again, linearity was assumed.
15 kg of H, x 53 kW electricity = 795 kW of electricity needed per day

An electrolyser needs DC for the electrolysis (Company C, 2022). However, the electricity supplied
by the grid is AC (Company C, 2022). Therefore, the electricity provided by the grid has to be

converted to direct current. The energy loss for this conversion is 8% (Mikaylov et al., 2012).

795 kW
92 %

x 100% = 864 kW energy needed from the grid

The output of 21.9 MWp means that the entire solar park can generate 21.9 MWh during a peak. The
solar park produces DC (Company C, 2022). Before the energy from the solar park can be given to
the electricity grid, the solar energy has to be converted to an alternating current (Company C, 2022).
This conversion again leads to an energy loss of 8% (Mikhaylov et al., 2012).

864 kW
92 %

x 100% = 939 kWh needed per day from the solar park

The total number of sun hours in the Netherlands in 2021 was 1726 (Statista, 2022). Meaning that the
average sun hours per day in the Netherlands was 4.7 hours. If 939 kW of electricity is needed per

day, the capacity of the solar park has to be:

939 kWh

17 howrs = 200 kWh capacity solar park

Due to soil on solar panels, in practice, less than the maximum peak capacity of solar parks is feasible
(Company C, 2022). This leads to a reduction in efficiency of approximately 15% (Zahidee et al.,
2016). Additionally, the percentages of the installed solar park at GAE that had to be used for the

scenarios, were calculated based on this new capacity.

21900 kWp x 0.85 = 18615 kWh

200 kWh supply chain GPU

=119
18615 kWh solar park GAE 4
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The produced hydrogen has to be stored. On days with fewer sun hours, the hydrogen from the storage
will be used to power the GPU. On days with more sun hours, the hydrogen will be stored. Company
C provided quarterly energy data from a solar park with a capacity of 4.5 MWp (Company C, 2022).
This solar park is adjusted for sizes corresponding to the solar park of the five scenarios. Calculations
regarding this solar park are attached in Appendix 6. This solar park also generates less energy than

under ideal conditions due to dirt on the PV panels.

4500 kW x 0.85 = 3825 kW

200 kW

_—= 0, .
s R = 02 Yo ofthe provided data

Based on this data, the amount of hydrogen generated in one day was calculated. This calculation was
done by adding up all the generated electricity in one day and dividing it by 53 kW, which is the
electricity needed to produce 1 kg of hydrogen. The output is the amount of hydrogen generated in
kilograms per day. For Scenario 1, the maximum amount of generated hydrogen was 31 kg in one
day. Every day the GPUs are used, and thus, hydrogen will be used; the generation and usage of
hydrogen is a daily cycle. Therefore, the storage capacity has to be sufficient to store the maximum
amount of hydrogen generated in one day. This results in a hydrogen storage capacity of 31 kg for

scenario 1.

The supply chains for the scenarios considered in this research are presented in Table 4.1. For
hydrogen production, 8.9 litres of water is needed (Gerloff, 2021). The functional unit of the LCA is
one year. Therefore, the corresponding amount of hydrogen and water for a whole year is given in
Table 4.2.
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Table 4.1 Hydrogen supply chains for the five scenarios

Electricity

Percentage of

Scenario: Cl.aptacllty needed from C.:;paclty L the solar farm g':'[mﬂty
1 y Tq " q I " ol S L2 3 .l
elecirolyser the gl‘id solar pane GAFE orage

1 flight

ghta o |arskw  [seakw 200kW  [1.1% 31kg
day
3 flights

ightsa | o1y 1125 kW  [2592 kW 599 kW 32% 92 kg
day
5 flights
day‘gh " 75 ke 187.5 kW  [4321 kW 999 kW 5.4% 153 kg
10 flights
day ghtsa |y ook [375 1w 8641 kW 1008 kW [10.7 % 305 ke
15 flights
day ghtsa | hsie  |se2skw 12062 kw 2008 kW [16.1% 457 ke

Table 4.2 the amount of hydrogen per day and year per scenario.

Scenario: H2 per day H2 per year H2O per year
1 flight a day |15 kg 5475 kg 40953 kg

3 flights a day |45 kg 16425 kg 122859 kg

5 flights a day |75 kg 27375 kg 204765 kg

10 flights a day|150 kg 54750 kg 409530 kg

15 flights a day|225 kg 82125 kg 614295 kg

4.2 Diesel supply chain

The supply chain for the d-GPU consists of diesel production and diesel storage in a fuelling station.
This fuelling station will be used to power the d-GPU. It is assumed that the diesel will be transported
from a central point within the Netherlands towards GAE. The transport from production towards the
central point is out of the scope of this research. The amount of diesel used per year in this research
compared to the yearly diesel consumption in the Netherlands is negligible, As in 2020, 12 billion
litres of diesel were used in the Netherlands (CBS, 2020).

The density of hydrogen in kilograms is 2.79 times higher than the energy density of diesel (Milojevic,
2016). If 15 kg of hydrogen is required per day, 42 kg of diesel is needed. One kg of diesel has an
energy capacity of 42.7 MJ (World Nuclear, n.d.).
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15 kg of H, x 2.79 = 42 kg diesel
42 kg of diesel x 42.7 M] = 1793 M] per day
1793 M] x 365 days = 654591 M] per year

The 42 kg of diesel is calculated based on the expectation that 15 kg of hydrogen is used by a plane
when connected to a hydrogen GPU (Company A, 2022a). To validate these results, diesel
consumption reported for a generator set with a capacity of 105 kW were used. According to FW
power (n.d.), an 80 kW diesel generator set uses 25 litres of diesel per hour, and a 120 kW diesel
generator set uses 32 kW an hour. Additionally, 1 litre of diesel weighs 0.84 kilograms (Martinez,
1995). So assuming linearity between 80 and 120 kW, the diesel consumption of a 105 kW diesel

generator set will be:

321—-251
120 kW — 80 kW

x (105 kW — 80 kW) = 6 litres

25+ 6 litres = 31 litres of diesel per hour
31x 1.5 =465 litres of diesel per 1.5 hour

46.5 x 0.84 = 39 kg of diesel

39 kg of diesel
2.79

= 14 kg of hydrogen

This calculation shows that 39 kg of diesel is needed to power the aeroplane. In the hydrogen GPU,
it was assumed that some hydrogen is used to let the system run; this was assumed for the diesel GPU

as well. Therefore, this research used 42 kg of diesel instead of 39 kilograms of diesel.

The diesel used at GAE will not be produced on-site. Instead, the diesel would be supplied to the
airports by truck. Assumed was that the diesel would be supplied once per week. Therefore, the
storage capacity has to be sufficient to store seven days of diesel demand. The maximum amount of
diesel transported via truck is 1500 litres. However, it is common to transport 1000 litres of diesel at
once (ETL, n.d.). One thousand litres of diesel equals 840 kg of diesel. Assumed was that the distance
driven by the truck per week was 195 km, representing the middle of the Netherlands toward GAE.
42 kg x 7 days = 294 kg of diesel per week
0.294 ton x 195 km = 57.33 tkm
57.33 tkm x 52 weeks = 2981.16 tkm

An overview of the amount of diesel per day, year and capacity of storage is presented in Table 4.3.
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Table 4.3 An overview of the five scenarios and the corresponding diesel demand, storage size, and

transport kilometres.

Diesel per Diesel per Diesel per year Capacity Transport per

S ario:

Cenario year (ML) storage year

1 flight a , -

day_ 2k 15330kg 654591 MJ 294 ke 2981,16 thm
3 flight

da"gh |k ok |e7EM (ke $963,76 tkm
za%ghts 2 |210ke 76650 ke 3272955 MJ 1470 kg 14805 8 tkm
10 flight

day R o 153300kg 6545910 MT  [2940ke 149058 thm
15 flight

d:v ghisa | kg 229950 kg 9818865 MJ  |4410kg 44717 4 thm

4.3 Ground Power Units

The components of a hydrogen GPU are a PEM fuel cell, a battery, a cooler and a converter (Company
A, 2022b). Additionally, two hydrogen storage cylinders of each 5 kg will be connected to the h-
GPU. One tank can be refuelled while the GPU is running. The hydrogen will be stored under a
pressure of 350 bar (Company A, 2022a). Company A is currently developing an h-GPU for GAE
with a fuel cell of 120 kW. Of this 120 kW, 105 kW of power is supplied to the aeroplane, and the
remaining 15 kW is used for cooling (Company A, 2022a). This research expects that the lifetime of
the h-GPU will be the same as the lifetime of the d-GPU. Therefore, the lifetime will be between 20
and 25 years (Company A, 2022a).

The d-GPU consists of a generator set and a diesel engine that supplies power to the aeroplane
(Company B, 2022). The generator set is connected to a converter (Company B, 2022). Additionally,
inside a d-GPU, there will be a diesel storage tank with a capacity of 290 litres (Company E, 2022).

49



5. Results
5.1 Diesel vs hydrogen GPU

In Figure 5.1 and Table 5.1, the GWP of the d-GPU was compared with the hydrogen GPU. Appendix
7 shows the GWP of the d-GPU and h-GPU separately. One year of using the d-GPU had a GWP of
41,170 kg CO2-eq. Whereby the generating set contributes the most to the GWP. One year of using
the hydrogen GPU had a GWP of 3,900 kg CO2-eq. The power unit, the fuel cell, was also
contributing the most to the hydrogen GPU. However, this contribution was 14 times lower than the
d-GPU’s power unit. The materials used for the converter and the packaging of both GPUs are the
same. Therefore, the GWP of those components was the same. Another remark is that the storage
tank is the only component of the hydrogen GPU with a higher GWP than the corresponding
component in the d-GPU. The hydrogen GPU storage tank has a GWP of more than three times higher

than the diesel storage tank.

Table 5.1 GWP of the different components of the d-GPU compared with the GWP of the
components of the hydrogen GPU.

d-GPU h-GPU
GWP GWP
Unit (x1000) Unit (x1000)
generating set | kg COz-eq | 40.47 fuel cell kg CO2-eq 2.89
diesel storage | kg CO2-eq 0.06 storage kg CO2-eq 0.19
converter kg CO2-eq 0.40 converter kg CO2-eq 0.40
packaging kg CO2-eq 0.20 packaging kg CO2-eq 0.20
waste
management | kg CO2z-eq 0.04 battery kg CO2-eq 0.12
waste
management kg CO2-eq 0.11
total kg CO2-eq | 41,17
total kg CO2-eq 3.90
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Figure 5.1 The GWP of the separate components of the d-GPU (blue) and hydrogen GPU (orange)

5.2 Diesel vs hydrogen supply chain

As described in the section — scenario development, five different scenarios were considered in this
research. For each scenario, the GWP was generated. The total GWP for the supply chain consists of
the production phase of all components, the usage phase and the disposal of all components. The
burning of diesel in the d-GPU and water usage in the hydrogen GPU were given separate inputs in
the supply chain. The functional unit comprises one year; the GWP is the GWP for one year of the
supply chain. In Table 5.2 and Figure 5.2, the supply chain of the d-GPU was compared with the
supply chain of the h-GPU for each scenario. Appendix 7 presents the diesel and hydrogen scenarios

in separate figures.

Table 5.2 the global warming potential of one year for the d-GPU and the h-GPU.
GWP
d-GPU h-GPU

(x10,000)  (x10,000)

Scenario 1 kg CO2-eq 36.40 1.17
Scenario 2 kg CO2-eq 109.06 3.01
Scenario 3 kg CO2-eq 182.43 4.90
Scenario 4 kg CO2-eq 362.49 9.51
Scenario 5 kg CO2-eq 543.65 14.20

51



600,00 . .
Scenario comparison

500,00

400,00

300,00
m d-GPU (x10,000)
200.00 h-GPU (x10,000)
100,00 I I
0,00 -

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

GWP (kg CO2-eq)

Figure 5.2 An comparison in global warming potential between the d-GPU and the h-GPU.

Compared to a d-GPU, the supply chain of a hydrogen GPU had a lower GWP in every scenario. In
the first scenario, the GWP of the diesel supply chain was almost 31.1 times higher than the GWP of
the hydrogen supply chain. In the fifth scenario, the hydrogen supply chain was more than 38.3 times
more favourable than the diesel supply chain. The GWP of the hydrogen supply chain was increasing
less than linear with the number of flights leaving per day. Consequently, the GWP per flight was

less if more flights were leaving GAE, and thus a larger supply chain is installed.

The GWP of the diesel supply chains was almost increasing linearly with the number of flights. In
scenario 1, one flight a day is leaving GAE, and the global warming potential of the entire supply
chain is 364,000 kg CO2-eq. In scenario 5, 15 flights a day leave GAE, and the GWP was almost 15
times bigger than in scenario 1. Nearly every component, except the d-GPU, in the diesel supply
chain, increased linearly if the number of flights increased. This was because more trucks were
transported per week to the airport, the storage capacity increased, and more diesel was used. The
only component that stayed the same was the GPU itself; in scenarios one and five, one GPU was

used to power all the aeroplanes.

For the hydrogen supply chain, the increase in GWP is significantly less than linear with the number
of flights leaving per day. Therefore, if more flights leave per day, the hydrogen supply chain becomes
more favourable than the diesel supply chain. The solar park and the hydrogen storage were increasing
linearly with the number of flights, as more hydrogen had to be stored and more PV panels were

needed to produce sufficient energy. However, the electrolyser and the GPU were not increasing
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linearly. The electrolyser consists of components that together form the BOP of the electrolyser.

Those materials were not increasing when the capacity of the electrolyser increased.

To better understand which supply chain components contribute the most to the GWP, scenario 3 was
considered and studied in more detail. Scenario 3 was chosen because this is the most realistic
scenario for GAE. Currently, two flights a day are leaving GAE; they want to expand in the coming
years. Therefore, it is plausible that five flights a day will leave GAE. Figure 5.3 and Table 5.3 present
an overview of the GWP of the separate components of the diesel and hydrogen supply chain.
Appendix 7 shows the same figure as Figure 5.3. However, the h-GPU and the d-GPU are separated
into two figures.

Table 5.3 Comparison of the GWP of the diesel supply chain components and the hydrogen supply

chain components

GWP GWP
(x10.000) (x10.000)
kg COq2-
diesel production |eq 3.45 solar park kg CO2-eq | 3.88
kg CO32-
fueling station eq 0.004 electrolyser kg CO2-eq |0.29
kg COq2-
d-GPU eq 0.16 fueling station kg CO2-eq | 0.65
kg CO32-
transport eq 143.23 h-GPU kg CO2-eq | 0.02
kg CO32-
burning diesel eq 31.33 Water usage kg CO2-eq | 0.06
kg CO:2- waste
waste management | eq 4.00 management kg CO2-eq | 0.01
kg CO:2-
total eq 182.43 total kg CO2-eq |4.90
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Figure 5.3 the GWP of the diesel supply chain (blue) components and the hydrogen supply chain

(orange) components compared

Within the d-GPU supply chain, transport had the highest impact on the GWP. Transportation of
diesel towards the airport had a GWP that is more than 29 times higher than the total GWP of the
entire hydrogen supply chain. Burning diesel had the second-highest GWP; this amount was more
than six times higher than the GWP of the entire hydrogen supply chain. The production of diesel and
waste management scenario had similar GWPs. Those were at least a factor of ten smaller than the
GWP of burning diesel and a factor of hundred than the diesel transport. However, they individually
had approximately the same GWP as the entire hydrogen supply chain. For the hydrogen supply
chain, the solar park had the highest GWP. The solar park contributed 79% to the total GWP of the
entire supply chain. The GWP of the solar park was higher than the GWP of the diesel production
facility. Other components that contributed to the GWP of the hydrogen supply chain are the fuelling
station and the electrolyser. Therefore, those components and their materials will be studied in more
detail.

This model's solar park consists of the components: the PV panels, the electric installation, the
mounting system and an inverter. Table 5.4 gives an overview of the contribution of the different
components to the total GWP of the solar park. The main contributor to the GWP was the production
and installation of PV panels. The PV panel contributes 95.7% to the total GWP of the solar park.

The other components of the solar park contribute to the remaining 4.3%.
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Table 5.4 The components of the solar park and their contribution to the global warming potential

GWP

(x10,000)
solar panel kg CO2-eq |3.714
electric
installation kg CO2-eq |0.066
mounting system | kg CO2-eq |0.001
inverter kg CO2-eq |0.099
total kg CO2-eq |3.879

The hydrogen storage tank had the highest environmental impact on the fuelling station regarding
GWHP. This is because hydrogen must be stored under high pressure, so composite fibres are needed
to strengthen the material (Barthelemey et al., 2016). The carbon fibres had the most considerable
impact on the GWP of all materials used for the fuelling station. An overview of all the materials and
their contribution to the GWP is given in Appendix 8. The storage method was the main difference
between a hydrogen GPU and a diesel GPU. Hydrogen has to be stored under high pressure, and
diesel does not. Therefore, the GWP of the hydrogen fuelling station was higher than the GWP of the
diesel fuelling station. This can also be seen in Table 5.5.

Table 5.5 The components of the fuelling station and their contribution to the global warming

potential.
GWP
Unit (x1000)
kg COq2-
Storage eq 6.35
kg CO32-
dispenser eq 0.06
kg CO32-
compressor |eq 0.05
kg CO32-
total eq 6.46

An electrolyser consists of multiple components with approximately the same GWP, as seen in Table

5.6. However, the cell stack had a higher GWP than the other components, as this part is more than
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two times higher than the other components. Additionally, the cell stack is the only component of the
electrolyser that increased linearly with the capacity of the electrolyser. The others category includes
a purifier, deoxidiser, alkali pump, dryer, and gas separator.

Table 5.6 The components of the electrolyser and their contribution to the global warming potential.

GWP

(x1000)
stack kg CO2-eq |1.10
heat exchanger | kg CO2-eq (0.20
cooling kg CO2-eq |0.10
tubing and cables | kg CO2-eq | 0.29
fundament kg CO2-eq |0.08
compressor kg CO2-eq |0.29
control panel kg CO2-eq |0.13
tank kg CO2-eq |0.36
transformer kg CO2-eq|0.21
other kg CO2-eq |0.16
total kg CO2-eq |2.92

5.3 Results ReCiPe method

The GWP was considered in most research, as seen in Appendix 9. However, in some research next
to the GWP, other impact categories were considered, such as ozone depletion, land use, water
consumption, and resource scarcity (Garrain et al., 2021). Figures 5.4 and 5.5 show the impact on
these categories of the components of the diesel supply chain and the hydrogen supply chain from

scenario 3, respectively.

The transportation of diesel contributed the most in every impact category. The burning of diesel is
the second most contributing in almost every impact category. Especially the contribution of burning
diesel is relatively high in the following categories: ozone formation and fine particulate matter.
Diesel production contributes significantly in most categories, including freshwater eutrophication,
fossil resource scarcity, and ionising radiation. The contribution of the d-GPU and the gas station is,

according to Figure 5.4, negligible in every category.
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In every impact category, the solar park is the most polluting of the hydrogen supply chain. Except
in the categories of freshwater eutrophication and marine eutrophication, water consumption
contributed or had an equal contribution. In the impact categories of human carcinogenic and mineral

resources, the electrolyser contributed a similar amount as the solar park.

100

[ gas station - scenario 3 [ diesel production -scenario 3 [ ¢GPU [] burning diesel - scenario 3 [ transport - scenario 3

Figure 5.4 The effect of the diesel supply chain on other impact categories. In particular, the

contribution of separate parts of the supply chain to each category.
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Figure 5.5 The effect of the hydrogen supply chain on other impact categories. In particular, the

contribution of separate parts of the supply chain to each category.
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6. Discussion

This research aims to give an advice over the replacement of a d-GPU by a hydrogen GPU.
Comparing the hydrogen GPU with a d-GPU, the GWP of the d-GPU throughout its entire life cycle
is 41,170 kg CO2-eq, which is 10.4 times larger than the GWP of the hydrogen GPU. Consequently,
the hydrogen GPU has a GWP throughout its life cycle of 3,900 kg CO2-eq. Based on the GWP, the
hydrogen GPU is preferred over the d-GPU. Additionally, based on the results of this research, the
difference between the GWP of a d-GPU and a hydrogen GPU is mainly due to the generating set
inside the d-GPU. The d-GPU contributes 98.3% to the total GWP. This high contribution is primarily
due to the electricity used during the production of the generating set (Klemann, 2020). Therefore,
using renewable energy resources to produce the generating set will positively impact the GWP of
those d-GPUs. The storage capacity is an advantage of the d-GPU compared to the hydrogen GPU.
The d-GPU has a storage capacity of 290 litres, which equals almost six flights. Compared to the
hydrogen GPU with a storage capacity of 10 kg, which is enough to power 0.67 flights. Thus, the
hydrogen GPU must be refuelled more often than the d-GPU.

In every scenario, the diesel supply chain for a d-GPU has a higher GWP than the hydrogen supply
chain for a hydrogen GPU. In scenario 1, the hydrogen supply chain is 31.1 times more favourable;
in scenario 5, the hydrogen supply chain is 38.3 times more favourable. If more flights leave GAE,
the hydrogen supply chain becomes even more optimistic than the diesel supply chain. This is mainly
due to the production and storage scale. For instance, the electrolyser and the fuelling station’s BOP
do not increase if the capacity of those components is increased (Mori et al., 2021). Consequently,
the GWP per flight will be lower if more flights leave. Centralised hydrogen production and storage
can be a solution, as large-scale production is more favourable (Seo et al., 2020). As well as that,
when it is stored on a large-scale, salt caverns can be used (Malachowska et al., 2022). The salt cavern
must be connected to a compressor to make the hydrogen applicable for GPUs (Malochowska et al.,
2022). However, fewer materials for storage can be used (Malochowska et al., 2022). Appendix 8
shows that the storage tank is the main contributor to the fuelling station. Therefore, increasing the
production capacity of the electrolyser and the hydrogen storage and considering centralised storage

could lead to a decrease in the GWP of the hydrogen supply chain.

Focusing on the choice of materials and the number of materials used during production is another
way to reduce the GWP of the hydrogen supply chain. The solar park contributes 79% to the total
GWHP of the hydrogen supply chain. The PV panels considered are multi-junction silicon panels.
However, the literature review of this research mentions the development of organic PV panels;
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according to the LCA performed by Tsang et al. (2016), considering the environmental impact of
those PV panels, organic PV panels are preferred over silicon PV panels. Once those panels are
commercially available, replacing the silicon crystalline PV panels with organic PV panels can be a
way to reduce the GWP. Reconsidering the materials used in electrolysers could also help in reducing
the GWP. Rare earth metals increase electrode activity in electrolysers (Santos et al., 2013).
Consequently, mining those materials lead to higher impacts on human carcinogenic toxicity and
scarcity of mineral resources categories (Pagano et al., 2015). Therefore, it is essential to weigh the
positives of rare materials, such as higher performance, against the negatives, such as human toxicity

and resource scarcity.

Increasing the lifetime of the supply chain components leads to a lower GWP per year if the GWP
throughout the entire lifetime stays the same (Gerbinet, 2014). Currently, the lifetime of crystalline
silicon PV panels is 30 years. However, as discussed by Company C (2022), after 30 years, the panels
are still able to generate electricity. At the moment, the panels will be removed after 30 years because
the licence is expired. If PV panels are used for more than 30 years, the amount of CO> per kWh will
be less. High-pressure storage tanks currently have a lifetime of 15 years, which is short compared to
the relatively short lifetime of other components (Wulf & Kaltschmitt, 2012). According to Zhang et
al. (2019), the liner controls the high-pressure tanks’ lifetime. The liner is made of aluminium, and
its primary application is to prevent hydrogen from leaking (Zhang et al., 2019). Increasing the
performance of the aluminium liner will decrease the chance of leaking and thereby increase the
lifetime of the high-pressure storage vessels. Therefore, if the performance of the aluminium liner is

increased, the lifetime will be increased, leading to a lower GWP per year of the fuelling station.

Not only the performance of materials can be increased to lower the GWP, but the performance of
the supply chain components can also be increased. Especially if the focus lies on increasing the
efficiency of those parts (Gerbinet et al. 2014). Zieminkska-Stolarska et al. (2021) propose using
concentrated PV panels instead of crystalline silicon PV panels as those panels have almost three
times higher efficiency. Increasing the efficiency of the PV panels will mean more electricity
generated by the PV panel. However, those concentrated PV panels use additional materials
(Zieminska-Stolarska et al., 2021). Therefore, it is essential to check whether the extra used materials
weigh up to the extra efficiency and thus, indeed, lead to a lower GWP. Considering the electrolyser,
the expectation is that the efficiency of the electrolyser will increase during the coming years (Zeng
etal., 2022). An alkaline electrolyser's efficiency is 73%, which means that 27% of renewable energy
generated by the solar park is lost (Zayat et al., 2020). If this efficiency is higher, more hydrogen can
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be generated with the same amount of renewable electricity. This means that fewer solar panels have

to be connected to the electrolyser.

The recycling and reusing of materials from the hydrogen supply chain can reduce the GWP of the
supply chain components (Gerbinet et al., 2014). However, in a few years, a considerable amount of
PV panels, electrolysers and fuel cells will reach the end of life and needs to be disposed of.
Consequently, this disposal needs to be an essential research topic; as limited is known about the
disposal of these components (Chowdhury et al., 2022). Accordingly, Maani et al. (2020) propose
structuring the research concerning removing those materials. First, the environmental impact of
every material used in one of the products needs to be assessed. Then, the material with the highest
environmental impact needs to get prioritised, and the product must be designed so that most of that
specific metal can be recycled. For instance, silver is a metal with a high environmental impact and
is present in solar parks. Therefore, solar parks must be designed so that most of the silver can be
recovered. This will reduce the environmental impact of production because instead of extracting new

raw materials, recycled materials will be used (Maani et al., 2020).

Lastly, improving laws and regulations could positively impact the GWP. Due to laws and
regulations, it is currently in the Netherlands not feasible to create an autonomous grid. Therefore,
the solar park and the electrolyser are connected to the grid instead of directly connected (Company
C, 2022). This leads to conversion losses, as the grid uses AC and the electrolyser and solar park use
DC (Company C, 2022). The AC/DC and DC/AC converters have a loss of approximately 8% (Borup
et al., 2021). Consequently, more than 15% of electricity is lost. Therefore, creating an autonomous

grid leads to fewer solar panels needed and thereby lowers the GWP of the hydrogen supply chain.

6.1 Cost assessment

Appendix 10 presents a cost assessment of the investment and usage costs of the five scenarios. The
costs per year for the hydrogen supply chain are significantly higher than the costs per year for the
diesel supply chain. The difference in the five scenarios is, respectively: €137,269, €134,088,
€131,407, €123,691, and €116,418. Especially the hydrogen fuelling station is expensive (Reul? et
al., 2017). An increase in lifetime will also lead to lower yearly costs, as the investment costs can be
divided by more years. Another expensive element is purchasing ultrapure water (ReAgent Chemical
Service Ltd, 2022). This water is needed for the electrolyser. A solution for this could be to collect
the water generated by the fuel cell and use this water as input for the electrolyser. This will lead to

less purchasing costs of water.
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If Emission Trade System (ETS) prices are considered, the cost gap between the hydrogen and diesel
supply chains becomes less. For every ton of CO2-eq, currently, 85 euros is fined (Trading
Economics, n.d.). However, ETS costs only consider the emissions produced in its sector. For this
research, these are the emissions from the airport itself. In this case, the burning of diesel, fining the
burning of diesel, the costs gap for the five scenarios will be, respectively: €131,998, €118,107,
€104,321, €70,396, €36,518. If the airport is transporting diesel, transport emissions must also be
considered for the ETS prices. In this case, the hydrogen supply chain is less expensive than the
diesel supply chain in scenarios 3, 4, and 5. The difference between the diesel and hydrogen costs
are, respectively: €107,773, €45,687, -€17,344,
-€171,259, -€326,432. The larger the airport, thus, the more planes leaving the airport, the smaller
the cost gap between the hydrogen and diesel supply chain. This also supports the production of

hydrogen and storage on a larger scale.

6.2 Implications of research

This research has multiple implications. Firstly, LCA analyses of various components of the hydrogen
and diesel supply chains are conducted. By providing a material, process and product list, the LCAS
can be replicated and used for other studies. Secondly, this research highlights components within
those supply chains that highly impact the GWP and other impact categories. These results help
provide leading points of improvement and, thereby, focal points for additional research. Thirdly, For
the aviation sector, this research shed light on how much more environmentally friendly the hydrogen
supply chain is compared with the diesel supply chain. A hydrogen supply chain is a possible solution
to reduce CO> emissions within the aviation sector. An on-site hydrogen supply chain could be an
option for large-scale airports as GWP and investment costs per flight are lower. It could be a solution
for small-scale airports to look into centralised production and storage. Fourthly, this research also
has implications for other industries, such as the automotive industry and other industries which need
to consider hydrogen instead of diesel. Lastly, an on-site hydrogen supply chain could be a good
solution for GAE because the solar park, which has the highest GWP of all the hydrogen supply chain
components, is already installed. The second most polluting component is the fuelling station; this
station can be built together with other industries, such as the automotive industry. Combining this,

the hydrogen storage scale will be bigger, leading to less GWP per stored amount of hydrogen.

6.3 Limitations

This research considered average values; the number of sun hours per day and the time an aeroplane
is connected to a GPU unit. The capacity of the solar park is calculated based on 4.7 sun hours per
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day. However, the amount of sun hours will fluctuate seasonally. This research did not account for
the seasonality production of solar energy. A suggestion for follow-up research would be to simulate
the sun hours and account for seasonality. The same holds for the average hours a GPU is connected
to an aeroplane since the time each aeroplane needs to be connected to the GPU also differs, which
leads to a differentiation in the hydrogen demand. Lastly, the storage facility did not account for
seasonal solar production either. The storage is large enough to store all the hydrogen produced in
one day. However, if multiple days with a high number of sun hours occur, the storage capacity needs
to be increased. This principle also applies to the winter, as the storage capacity will run out of
hydrogen if multiple days with low sun hours occur. One possible solution is to have a larger storage
tank. However, this inevitably brings an additional impact on the environment. Another solution
would be to buy additional hydrogen in the winter and sell hydrogen in the summer. The supply chain

to accompany this will also cause an additional impact on the environment.

This research did not consider which sizes and capacities of electrolysers and storage tanks are
produced. It only considered how much was needed for the supply chain. Airports using a hydrogen
supply chain probably will use hydrogen for more applications than for the hydrogen GPU. Therefore,
the capacities of the solar park, electrolyser and storage tanks have to be bigger to be sufficient for
the entire airport. However, this research only focused on the supply chain of the GPU and therefore
only considered the impact of the supply chain, which corresponds with the capacities mentioned in
this research.

The battery-electric GPU is not considered in this research, as the energy-storing capacity of those
units is insufficient (Eisenhut et al., 2021). Company B (2022) proposed a hybrid situation to replace
d-GPUs. The solution proposes battery electric GPUs for small aeroplanes and hydrogen GPUs for
large aeroplanes. The reasoning behind this solution is the price of the hydrogen GPUs. Hydrogen
GPUs, especially fuel cells, are more expensive than electric motors (Ajanovic & Haas, 2021).
Depending on the size of the airport, this could be a suitable solution as this would imply that more

than one GPUs need to be purchased.

6.4 Further research

Replacing diesel with hydrogen is a relatively new topic; therefore, there are multiple areas in which
further research is required. At first, improving the efficiency of hydrogen supply chain components
such as the solar park and the electrolyser. Furthermore, the choice of material has a large impact on

the environment. Therefore, replacing polluting materials with less polluting ones might be a good
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solution. This direction requires more research, mainly focusing on the fuelling station and
electrolyser. Thereby laying the focus on the fuelling station and the electrolyser. Lastly, research
into the disposal of solar parks, electrolysers, fuel cells, and high-pressure storage tanks leads to

recycling more materials and, therefore, appropriate research directions.

6.5 Validation

This research is validated by contacting companies about the results and using the Ecoinvent database
as much as possible. This database is often checked on reliability (Ecoinvent, n.d.). The database is
used for the solar park, diesel production, generating set, and parts of the fuelling station. For the
parts which are not present in SimaPro, companies are contacted. For example, the material inputs of
the electrolyser were checked by an employee from Company D. All essential parts or materials were
present, according to this employee. The information for the hydrogen GPU is gathered from
literature and in contact with Company A. However, the exact materials are unknown due to
confidentiality reasons. Additionally, a contact person from GAE was contacted again after

performing the research. The prospects of 5 flights leaving per day were confirmed in this meeting.
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7. Conclusion

This study performed an LCA of the hydrogen supply chain, diesel supply chain and the separate
components of those supply chains. The two supply chains are compared with each other. In almost
every impact category, the diesel supply chain is more polluting than the hydrogen supply chain.
Therefore, the conclusion can be drawn that, purely focusing on the environmental impact, the
hydrogen GPU and its supply chain is more environmentally friendly than the d-GPU and its supply
chain. The primary focus is directed towards the GWP of both supply chains. To indicate how much
more favourable the hydrogen supply chain is, the GWP of each supply chain is compared with the
GWP of human beings, flights, and passenger cars. Considering scenario 3, five flights leaving GAE
per day, the hydrogen supply chain has a GWP of 49,000 kg CO2-eq per year and the diesel supply
chain has a GWP of 18,243,000 kg CO2-eq per year. To compare, a human has a GWP of 4,470 kg
CO2-eq per year (Statista, 2022), meaning that the hydrogen supply chain equals almost 11 humans
and the diesel supply chain 4,081 humans. Another comparison, driving a diesel passenger car has a
GWP of 0.178 kg CO2-eq per km. Consequently, the GWP of the hydrogen supply chain equals 275
thousand kilometres, and a diesel supply chain equals 102 million kilometres (Helmers et al., 2019).
Lastly, the hydrogen supply chain has the same GWP of 14.8 flights from Vienna to Rio, and the
diesel supply chain has the same GWP of 5,510 flights (Nielsen, 2020). Consequently, from these
numbers, it is safe to conclude that powering the GPUs with hydrogen instead of diesel will lead to a

lower environmental impact.

The PV panels are the most polluting of the hydrogen supply chain, mainly due to the production of
the panels themselves. New generation PV panels could lead to lower environmental impact as fewer
materials are used, and the efficiency will be higher. For the electrolyser and the fuelling station,
larger-scale production positively impacts the GWP. As the materials used do not increase linearly
with the capacity. Lastly, the fuel cell inside the GPU contributes the most to the GWP. However,

this contribution is far less than the contribution of the generating set inside the d-GPU.

Overall, purely looking at the GWP of the diesel supply chain compared to the hydrogen supply chain,
the hydrogen GPU and its supply chain is a good solution to reduce the environmental impact in the

aviation industry.
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Appendix 2: All inputs in Simapro 9.4

Hydrogen Supply Chain

Table A... gives an overview of all the materials, processes, and producte used as input in SimaPro
9.4. For every material, process or product, the Cut-off,S method is selected. As well that the
following sequence as selection method was chosen:

1. {NL}
2. {Europe without Switzerland}
3. {RER}
4. {GLO}
5. {RoWw}
The first column of the Table shows the materials, processes, or products chosen in SimaPro. The
second column shows the quantity that was given as input for Simapro. The third column shows the
quantity for the different scenarios. The fourth column shows the component’s lifetim, and thus with
which number the total emissions were divided.
For example, the electrolyser, all the separate parts of the electrolyser were first specified in SimaPro.
After which, those materials are combined into a complete electrolyser. Lastly, the scenarios were
specified, and the third column was used to specify the scenario-specific quantities within those

scenarios.

Table A 2.1: Input parameters for SimaPro 9.4, representing the hydrogen supply chain.

Solar park

Photovoltaic panel, multi-Si wafer | 103009,48 | Scenario 1: 0.011p | For one  year:
(RER)| production| Cut-off,S m? Scenario 2: 0.032 p | divided by 30
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Inverter, 500 kW {RER}| production|
Cut-off, S

384 p

Photovoltaic mounting system, for
570 kWp open ground module
{GLO}| market for | Cut-off, S

38.4p

Photovoltaic, electric installation for
570 kWp module open ground
{GLO}| market for photovoltaics,
electric installation for 570 kWp
module, open ground| Cut-off, S

Alkali-resistant rotary pump

384 p

Scenario 3: 0.54 p
Scenario 4: 0.107 p
Scenario 5: 0.161 p

Electrolyser

Scenario 3: 1p
Scenario 4: 1p

Scenario 5: 1p

Polypropylene, granulate {RER}| | 3 kg Scenario 1: 1p For one  year:
production | Cut-off, S Scenario 2: 1p divided by 25
Injection moulding {RER}| | 3kg Scenario 3: 1p
processing | Cut-off, S Scenario 4: 1p
Scenario 5: 1p
Buffer tank
Steel, chromium steel 18/8, hot rolled | 511 kg Scenario 1: 1p For one  year:
{RER}| production | Cut-off, S Scenario 2: 1p divided by 25
Sheet rolling, chromium steel {RER}| | 511 kg Scenario 3: 1p
processing | Cut-off, S Scenario 4: 1p
Welding, arc, steel {RER}/|29m Scenario 5: 1p
processing | Cut-off, S
Control panel
Electronics, for control units {RER}| | 100 kg Scenario 1: 1p For one  year:
production| Cut-off, S Scenario 2: 1p divided by 25

Diaphragm for diaphragm

compressor
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Cast iron {RER}| production | Cut- | 600 kg Scenario 1: 1p For one  year:
off, S Scenario 2: 1p divided by 25
Ethylene glycol {RER}| production| | 7 kg Scenario 3: 1p
Cut-off, S Scenario 4: 1p
Reinforcing steel {RER}| production| | 1300 kg Scenario 5: 1p
Cut-off, S
Steel, chromium steel 18/8, hot rolled | 405 kg
{RER}| production| Cut-off, S
Sheet rolling, steel {RER}| | 400 kg
processing | Cut-off, S
Sheet rolling, chromium steel {RER}| | 405 kg
processing| Cut-off, S
Frequency converter  diaphragm
compressor
Aluminium, wrought alloy {GLO}| | 60 kg Scenario 1: 1p For one  year:
market for | Cut-off, S Scenario 2: 1p divided by 25
Copper {GLO}| market for | Cut-off, | 45 kg Scenario 3: 1p
S Scenario 4: 1p
Reinforcing steel {RER}| production | 180 kg Scenario 5: 1p
| Cut-off, S
Tube insulation, elastomere {GLO}| | 15 kg
market for | Cut-off, S
Wire drawing, copper {RER}| |45Kkg
processing| Cut-off, S
Fundament
Concrete, 35 MPa {ROW}| concrete | 7.7 m® Scenario 1: 1p For one  year:
production 35 MPa, Cut-off, S Scenario 2: 1p divided by 25
Scenario 3: 1p
Scenario 4: 1p
Scenario 5: 1p
Gas separator
Reinforcing steel {RER}| production | 80 kg Scenario 1: 1p For one  year:
| Cut-off, S Scenario 2: 1p divided by 25
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Sheet
processing | Cut-off, S

rolling, steel {RER}

80 kg

Scenario 3: 1p
Scenario 4: 1p

Scenario 5: 1p

Heat exchanger

Steel, chromium steel 18/8 {GLO}| | 929.1 kg | Scenario 1: 1p For one  year:
market for| Cut-off, S Scenario 2: 1p divided by 25
Sheet rolling, chromium steel {RER}| | 929.1 kg | Scenario 3: 1p
processing| Cut-off, S Scenario 4: 1p
Scenario 5: 1p
Hydrogen dryer and deoxidizer
Glass fibre {RER}| production | Cut- | 464.6 kg | Scenario 1: 1p For one  year:
off, S Scenario 2: 1p divided by 25
Reinforcing steel {RER}| production| | 696.8 kg | Scenario 3: 1p
Cut-off, S Scenario 4: 1p
Steel, Chromium steel 18/8, hot rolled | 232.3 kg | Scenario 5: 1p
{RER}| production | Cut-off, S
Sheet  rolling, steel {RER}| |696.8 kg
processing | Cut-off, S
Sheet rolling, chromium steel {RER}| | 232.3 kg
processing | Cut-off,S
Pumps and coolers
Cast iron {RER}| production | Cut- | 116.1 kg | Scenario 1: 1p For one  year:
off, S Scenario 2: 1p divided by 25
Reinforcing steel {RER}| production| | 209.1 kg | Scenario 3: 1p
Cut-off, S Scenario 4: 1p
Sheet  rolling, steel {RER}||209.1kg | Scenario5:1p
processing| Cut-off, S
Stack
Steel, chromium steel, 18/8 {GLO}| | 20194.4 Scenario 1: 0.0375p | For  one  year:
market for| Cut-off, S kg Scenario 2: 0.1125 p | divided by 25
Polysulfone {GLO}| market for| Cut- | 48.8 kg Scenario 3: 0.1875 p

off, S

Scenario 4: 0.375 p
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Zirconium oxide {GLO}| market for| | 73.0 kg Scenario 5: 0.5625 p
Cut-off, S
Nickel, class 1 {GLO}| market for| | 2884.9 kg
Cut-off, S
Tetrafluorethylene {RER}| | 144.2 kg
production | Cut-off, S
Sheet rolling, chromium steel | 20194.4
{GLO}| market for| Cut-off, S kg
Steel tank for KOH
Steel chromium steel 18/8 {GLO}| | 851 kg Scenario 1: 1p For one  year:
market for | Cut-off, S Scenario 2: 1p divided by 25
Sheet rolling, chromium steel {RER}| | 851 kg Scenario 3: 1p
processing | Cut-off, S Scenario 4: 1p
Scenario 5: 1p
Transformer and rectifier
Copper {GLO}| market for | Cut-off, | 100 kg Scenario 1: 1p For one  vyear:
S Scenario 2: 1p divided by 25
Reinforcing steel {RER}| production | 600 kg Scenario 3: 1p
| Cut-off, S Scenario 4: 1p
Aluminium, wrought alloy {GLO}| | 200 kg Scenario 5: 1p
market for| Cut-off, S
Tube insulation, elastomere {GLO}| | 100 kg
market for | Cut-off, S
Sheet rolling, aluminium {RER}| | 100 kg
processing| Cut-off, S
Sheet rolling, steel {RER}| | 600 kg
processing | Cut-off, S
Wire drawing, copper {RER}| | 200 kg
processing| Cut-off, S
Tubing and cables
Copper {GLO}| Market for | Cut-off, | 371.7 kg | Scenario 1: 1p For one  year:
S Scenario 2: 1p divided by 25
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extrustion, plastic pipes | Cut-off, S

Water, ultrapure {RER}| market for,
ultrapure | Cut-off, S

Scenario 1: 40953
kg
Scenario 2: 122859
kg
Scenario 3: 204765
kg
Scenario 4: 409530
kg

Steel, chromium steel 18/8 {GLO}| | 929.1 kg | Scenario 3: 1p
market for| Cut-off, S Scenario 4: 1p
Tube insulation, elastomere {GLO}| | 92.9 kg Scenario 5: 1p
market for | Cut-off, S
Sheet rolling, chromium steel {RER}| | 929.1 kg
processing | Cut-off, S
Wire drawing, copper {RER}| | 371.7 kg
processing | Cut-off, S
Water cooling plant
Reinforcing steel {RER}| production | 836.2 kg | Scenario 1: 1p For one  year:
| Cut-off, S Scenario 2: 1p divided by 25
Sheet  rolling, steel {RER}| |836.2kg | Scenario 3:1p
processing | Cut-off, S Scenario 4: 1p
Scenario 5: 1p
Water purifier and feed tank
Reinforcing steel {RER}| production | 232.3 kg | Scenario 1: 1p For one  year:
| Cut-off, S Scenario 2: 1p divided by 25
Polyethylene, low density, granulate | 464.6 kg | Scenario 3: 1p
{RER}| production | Cut-off, S Scenario 4: 1p
Sheet  rolling, steel {RER}| |232.3kg | Scenario5: 1p
processing | Cut-off, S
Extrustion, plastic pipes {RER}, | 464.6 kg
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High pressure storage (per 10 kq)

Scenario 5: 614295
kg

Fuelling station

Steel chromimum steel 18/8 {GLO}|
market for | Cut-off, S

9.0 kg

Steel, low-alloyed {GLO}| market for
| Cut-off, S

9.0 kg

Aluminium wrought alloy {GLO}|
Cut-off, S

6 kg

Epoxy resin {ROW}| epoxy resin
production | Cut-off, S

30.6 kg

fibre
injection moulded {GLO}| carbon
fibre reinforced plastic,
moulded| Cut-off, S

Carbon reinforced plastic,

injection

71.4Kg

Sheet rolling, chromium steel

{GLO}| market for | Cut-off, S

9 kg

Sheet rolling, aluminium {GLO}|
market-for, Cut-off, S

6 kg

Sheet rolling. Steel {GLO}| market
for | Cut-off, S

9 kg

Scenario 1: 3.1 p
Scenario 2: 9.2 p
Scenario 3: 15.3 p
Scenario 4: 30.5p
Scenario 5: 45.7 p

For
divided by 15

one

year:

Dispenser

Steel, low-alloyed {GLO}| market for
| Cut-off,S

100 kg

Aluminium, wrought alloy {GLO}|
aluminium ingot, primary to market |
Cut-off, S

30 kg

Synthetic rubber {RER}| production |
Cut-off, S

5 kg

Sheet rolling, steel {GLO}| market
for| Cut-off, S

100 kg

Scenario 1: 1p
Scenario 2: 1p
Scenario 3: 1p
Scenario 4: 1p

Scenario 5: 1p

For
divided by 15

one

year:
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Sheet
{GLO}| market for, Cut-off, S

rolling, chromium steel

30 kg

Compressor

Air
ccompressor 4kW {RER}| production
| Cut-off,S

compressor, screw-type

Fuel cell — bipolar plates (per 1kW)

1p

Scenario 1: 1p
Scenario 2: 1p
Scenario 3: 1p
Scenario 4: 1p

Scenario 5: 1p

For

one

divided by 15

year:

Hydrogen GPU

Cut-off,S

Graphite {RER}| production | Cut- | 0.1435 kg | Scenario 1: 120 p For one  year:
off, S Scenario 2: 120 p divided by 25
Phenolic resin {RER}| production || 0.2869 kg | Scenario 3: 120 p

Cut-off, S Scenario 4: 120 p

Injection moulding {RER}| | 0.4304 kg | Scenario 5: 120 p

processing | Cut-off,S

Fuel cell - BOP

Reinforcing steel {GLO}| market for | 24 kg Scenario 1: 1p For one  year:
| Cut-off,S Scenario 2: 1p divided by 25
Aluminium, primary, cast alloy slab | 6 kg Scenario 3: 1p

from continuous casting {GLO}| Scenario 4: 1p

market for | Cut-off, S Scenario 5: 1p

Steel, Chromium steel 18/8 {GLO} | | 3.6 kg

market for | Cut-off,S

Polyethylene, high density, granulate | 3.6 kg

{RoW}| production | Cut-off,S

Polyphenylene  sulfide  {GLO}| | 18 kg

production| Cut-off,S

Ethylene glycol {RoW}| production| | 12 kg

Cut-off,S

Synthetic rubber {GLO}| market for | | 3.6 kg
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Electronics, for control units {GLO}| | 4.8 kg
market for | Cut-off,S
Fuel cell — catalyst layer (per 1kW)
Platinum {GLO}| market for | Cut- | 0.00015 Scenario 1: 120 p For one  year:
off,S kg Scenario 2: 120 p divided by 25
Carbon black {GLO}| market for | | 0.00023 Scenario 3: 120 p
Cut-off,S kg Scenario 4: 120 p
Tetrafluorethylene {RoW}| | 0.000011 | Scenario 5: 120 p
production | Cut-off,S kg
Sulfuric acid {GLO}| market for | | 0.000008
Cut-off,S kg
Ethllyene glycol {RoW?} | production | 0.000019
| Cut-off,S kg
Water, ultrapure {RER}| water | 0.000188
production, ultrapure | Cut-off,S kg
Cobalt {GLO}| market for | Cut-off,S | 0.00003
kg
Acetic acid, without water, in 98% | 0.05 kg
solution state {RoW}| oxidation of
butatne | Cut-off,S
Selective coat, stainless steel sheet, | 0.24 m2
black chrome {GLO}| market for |
Cut-off,S
Thermoforming of plastic sheets | 0.08554
{RoW}| processing | Cut-off,S kg
Fuel cell — end plates
Aluminium, primary, cast alloy slab | 4.8 kg Scenario 1: 1p For one  year:
from continuous casting {GLO}| Scenario 2: 1p divided by 25
market for | Cut-off,S Scenario 3: 1p
Steel, chromium steel 18/8 {GLO}| | 3.96 kg Scenario 4: 1p

market for | Cut-off,S

Scenario 5: 1p

Fuel cell - GDL + MDL (per 1 kW)
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Carbon black {GLO}| market for | | 0.00301 Scenario 1: 120 p For one  year:
Cut-off,S kg Scenario 2: 120 p divided by 25
Carbon fibre reinforced plastic, | 0.051 kg | Scenario 3: 120 p

injection moulded {GLO}| carbon Scenario 4: 120 p

fibre reinforced plastic, injection Scenario 5: 120 p

moulded| Cut-off,S

Tetrafluorethylene {RER}| | 0.009 kg

production | Cut-off,S

Thermoforming of plastic sheets | 0.0631 kg

{GLO}| market for | Cut-off,S

Fuel cell — membrane (per 1kW)

Tetrafluorethylene{RER}| 0.0109 kg | Scenario 1: 120 p For one  year:
production | Cut-off,S Scenario 2: 120 p divided by 25
Sulfuric acid {GLO}| market for| Cut- | 0.0081 kg | Scenario 3: 120 p

off,S Scenario 4: 120 p

Titanium dioxide {RER}| market for | | 0.0019 kg | Scenario 5: 120 p

Cut-off,S

Extrusion, plastic film {RER}| | 0.0215 kg

extrusion, plastic film | Cut-off,S

Battery

Battery, Li-ion, rechargeable, | 15 kg

prismatic {GLO}| market for | Cut-

off,S

H2 storage

Aluminium, primary, cast alloy slab | 2.05 kg Scenario 1: 1p For one  year:
from continuous casting {GLO}| Scenario 2: 1p divided by 25
market for| Cut-off,S Scenario 3: 1p

Steel, stainless 304, scrap\kg\GLO 0.5kg Scenario 4: 1p

Epoxy resin {RER}| epoxy resin| 1.2 kg Scenario 5: 1p

production | Cut-off,S

Carbon fibre reinforced plastic, | 1.7 kg

injection moulded {GLO}| carbon
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fibre reinforced plastic, injection
moulded | Cut-off,S
Converter
Converter, for electric passenger car | 10 kg Scenario 1: 1p For one  year:
{GLO}| market for| Cut-off,S Scenario 2: 1p divided by 25
Scenario 3: 1p
Scenario 4: 1p
Scenario 5: 1p
Housing
Steel, low-alloyed {GLO}| market for | 104 kg Scenario 1: 1p For one  year:
| Cut-off,S Scenario 2: 1p divided by 25
Scenario 3: 1p
Scenario 4: 1p
Scenario 5: 1p

Diesel Supply Chain

Table A... gives an overview of all the materials, processes, and products that are used as input in
SimaPro 9.4. For every material, process or product, the Cut-off,S method is selected. As well that
the following sequence as selection method was chosen:

6. {NL}

7. {Europe without Switzerland}

8. {RER}

9. {GLO}

10. {Row}
The first column of the Table shows the materials, processes, or products chosen in SimaPro. The
second column shows the quantity that was given as input for Simapro. The third column shows the
quantity for the different scenarios. The fourth column shows the component’s lifetime and thus with

which number the total emissions were divided.
For example, for the diesel, all the separate parts of the GPU were first specified in SimaPro. After

which, those materials are combined into a complete GPU. Lastly, the scenarios were specified, and
the third column was used to specify the scenario-specific quantities within those scenarios.
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Table A.2.2: Input parameters for SimaPro 9.4, representing the diesel supply chain.

Diesel production
Diesel {Europe without Switzerland}|
diesel

production, petroleum

refineary operation | Cut-off,S

Transport
Transport, freight, light commercial
without

vehicle {Europe

Switzerland}| processing | Cut-off,S

Fueling station

Storage

Scenario 1: 15330
kg
Scenario 2: 45990
kg
Scenario 3: 76650
kg
Scenario 4:153300
kg
Scenario 5:229950
kg

Scenario 1: 57.33
tkm
Scenario 2: 172.38
tkm
Scenario 3: 286.65
tkm
Scenario 4: 573.3
tkm
Scenario 5: 859.95
tkm

Steel, low-alloyed {GLO}| market for
| Cut-off,S

Scenario 1: 33.49
kg
Scenario 2: 100.46
kg

Scenario 3: 167.44
kg

For one
divided by 30

year:




Scenario 4: 334.88

kg
Scenario 5: 502.32
kg
Dispenser
Steel, low alloyed {GLO}| market for | 100 kg Scenario 1: 1p For one  year:
| Cut-off,S Scenario 2: 1p divided by 30
Aluminium, wrought alloy {GLO}| | 30 kg Scenario 3: 1p
aluminium ingot, primary, to market | Scenario 4: 1p
Cut-off,S Scenario 5: 1p
Synthetic rubber {RER}| production | | 5 kg
Cut-off,S
Sheet rolling, steel {GLO}| market | 100 kg
for | Cut-off,S
Sheet rolling, steel {GLO}| market | 100 kg
for | Cut-off,S

Sheet rolling, aluminium {GLO}| | 30 kg
market for | Cut-off,S

Diesel GPU

Generating set
Diesel-electric generating set, 185 |5p Scenario 1: 1p For one year:
kW {GLO}| production | Cut-off,S Scenario 2: 1p divided by 25

Scenario 3: 1p

Scenario 4: 1p

Scenario 5: 1p

Storage
Polyethylene, low density, granulate | 26 kg Scenario 1: 1p For one vyear:
{GLO}| market for| Cut-off,S Scenario 2: 1p divided by 25
Scenario 3: 1p
Scenario 4: 1p
Scenario 5: 1p
Converter
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Diesel, burned in diesel-electric
generating set, 185 kW {GLO}|
diesel,

generating set, 18.5 kW | Cut-off,S

burned in diesel-electric

Scenario 3: 1p
Scenario 4: 1p

Scenario 5: 1p

MJ
Scenario
1963773 MJ
Scenario
3272955 MJ
Scenario
6545910 MJ
Scenario
9818865 MJ

Converter, for electric passenger car | 10 kg Scenario 1: 1p For one  year:
{GLO}| market for | Cut-off,S Scenario 2: 1p divided by 25
Scenario 3: 1p
Scenario 4: 1p
Scenario 5: 1p
Housing
Steel, low alloyed {GLO}| market for | 104 kg Scenario 1: 1p For one year:
| Cut-off,S Scenario 2: 1p divided by 25

Burning diesel

Scenario 1: 654591
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Appendix 3: Impact categories
Table A 3.1: An overview of the impact categories considered in other LCA research

ReCiPe

method

Impact category = Unit References Count
Global warming | Kg COg2- | Agostini et al. (2018); Benitez et al. | 17
potential eq (2021); Bhandari & Trudewind (2014);
Burkhart et al. (2016); Centinkaya et al.
(2012); Yang et al. (2020); Evangelisti et
al. (2017); Cooney et al. (2013); Wulf &
Kaltschmitt (2012); Lucas et al. (2013);
Pehnt (2001); Simons & Bauer (2015);
Benveniste et al., (2017); Lombardi et al.
(2017); Girandi et al. (2015); Mori et al.
(2021); Girandi et al. (2015); Nanaki &
Koroneos (2021)
Stratospheric Kg CFC11 | Lombardi et al. (2017); Girandi et al. | 6
ozone depletion | eq (2015); Garrain et al. (2021); Beveniste et
al. (2017); Rinawati et al. (2021); Cooney
et al. (2013)
lonizing kBqg Co-60 | Lombardi et al. (2017); Girandi et al. | 4
radiation eq (2015); Garrain et al. (2021)
Ozone formation | Kg NOx | Lombardi et al. (2017); Gerloff (2021);
Human health eq Girandi et al. (2015); Rinawati et al.,
(2021)
Fine particulate | Kg PM2.5 | Benitez et al. (2021); Lombardi et al. | 6
matter formation | eq (2017); Girandi et al. (2015); Wulf &
Kaltschmitt (2012); Rinawati et al. (2021);
Garrain et al. (2021)
Ozone formation | Kg NOx | Lombardi et al. (2017); Girandi et al. | 3
Terrestrial eq (2015); Rinawati et al. (2021)
ecosystems
Terrestrial Kg SO2 eq | Benitez et al. (2021); Benveniste et al., | 13
acidification (2017); Burkhardt et al. (2016); Lombardi

etal. (2017); Girandi et al. (2015); Cooney
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et al. (2013) ; Wulf & Kaltschmitt (2012);
Pehnt (2001); Simons & Bauer (2015);
Mori et al. (2021); Evangelisti et al.
(2017); Garrain et al. (2021); Rinawati et
al. (2021); Cooney et al. (2013)

Freshwater KgP eq Benveniste et al., (2017); Lombardi et al. | 4

eutrophication (2017); Girandi et al. (2015); Wulf &
Kaltschmitt (2012)

Marine Kg N eq Benveniste et al. (2017); Lombardi et al. | 6

eutrophication (2017); Garrain et al. (2021); Wulf &
Kaltschmitt (2012); Rinawati et al. (2021);
Cooney et al. (2021)

Terrestrial Kg 1,4-| Burkhardt et al. (2016); Lombardi et al. | 5

ecotoxicity DCB (2017); Girandi et al. (2015); Cooney et al.
(2013); Mori et al. (2021)

Freshwater Kg 1,4- | Burkhardt et al. (2016); Lombardi et al. | 6

ecotoxicity DCB (2017); Garrain et al. (2021); Girandi et al.
(2015); Nanaki & Koroneos (2012); Mori
et al. (2021)

Marine Kg 1,4-| Benveniste et al. (2017); Lombardi et al. | 6

ecotoxicity DCB (2017); Girandi et al. (2015); Nanaki &
Koroneos (2012); Mori et al. (2021);
Cooney et al., (2013)

Human Kg 1,4-| Barrato & Diwekar (2005); Benitez etal. | 13

carcinogenic DCB (2021); Burkhardt et al. (2016); Lombardi

toxicity

et al. (2017); Evangelisti et al. (2017);
Garrain et al. (2021); Gerloff (2021);
Girandi et al. (2015); Cooney et al. (2013);
Wulf & Kaltschmitt (2012); Rinawati et
al. (2021); Nanaki & Koroneos (2012);
Mori et al. (2021)
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Human non- | Kg  1,4- | Benitez et al. (2021); Burkhardt et al. | 11

carcinogenic DCB (2016); Lombardi et al. (2017);

toxicity Evangelisti et al. (2017); Garrain et al.
(2021); Gerloff (2021); Girandi et al.
(2015); Cooney et al. (2013); Wulf &
Kaltschmitt (2012); Rinawati et al. (2021);
Mori et al. (2021)

Land use M2a crop | Lombardi et al. (2017); Garrain et al. | 4

eq (2021); Girandi et al. (2015); Mori et al.

(2021)

Mineral resource | Kg Cueq | Lombardi et al. (2017); Garrain et al. | 4

scarcity (2021); Girandi et al. (2015); Agostini et
al. (2018)

Fossil  resource | Kgoileq | Lombardi et al. (2017); Garrain et al., | 5

scarcity (2021); Girandi et al. (2015); Nanaki &
Koroneos (2012); Agostini et al. (2018)

Water M3 Lombardi et al. (2017); Garrain et al. | 3

consumption (2021); Girandi et al. (2015)

Abiotic depletion | Kg Sbeq | Mori et al. (2021); Agostini et al. (2018); | 6
Evangelisti et al. (2017); Rinawati et al.
(2021); Girandi et al. (2015); Beveniste et
al. (2017)

Eutorphication Kg SO2 | Mori et al. (2021); Girandi et al., (2015); | 4

eq Garrain et al. (2021); Nanaki & Kokolores

(2012)

Ozone layer | Kg CFC- | Mori et al. (2021) 1

depletion 11leq

Marine sediment | Kg 1,4-DB | Mori et al. (2021) 1

ecotoxicity eq

Freshwater Kg 1,4-DB | Mori et al. (2021) 1

sediment eq

ecotoxicity
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Average Kg NOx- | Mori et al. (2021)

European eq

Average Kg SO2- | Mori et al. (2021)

European eq

Photochemical Kg C2H4 | Mori et al. (2021); Evangelisiti et al.

oxidation eq (2017); Benitez et al. (2021); Beveniste et
al. (2017); Garrain et al. (2021); Simons &
Bauer (2015); Rinawati et al. (2021); Wulf
& Kaltschmitt (2012)

Malodorous air | M3 air Mori et al. (2021); Girandi et al. (2015)

Equal benefit | Kg formed | Mori et al. (2021)

incremental 03

reactivity

Max incremental | Kg formed | Mori et al. (2021)

reactivity 03

Max Ozone | Kg formed | Mori et al. (2021)

incremental 03

reactivity

Energy demand | MJ Benveniste et al. (2017); Lucas et al.
(2013); Rinawati et al. (2021); Girandi et
al. (2015)

Acute hazard | ppm Barrato & Diwekar (2005)

index

of generated energy per day in KWh.

Appendix 4: Calculations data solar park
The provided data by Company C is data of 4.5 MWp east-west solar park. Quarterly data in kWh is

given for each day in the year 2020. Adding up all the quarterly data per day gives the total amount

4500 kW x 0.85 = 3825 kW

200 kW
3825 kW

= 5.2 % ofthe provided data

The 200 kW of energy is needed from the solar park in the first scenario. The 3825 kW is the adjusted

solar park's adjusted capacity, considering practice the conditions are not ideal. The percentages for
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the other scenarios are provided in Table A... The generated energy is divided by 53 to get the amount
of hydrogen that could be produced per day. From Table A... it can be seen that sometimes there is
excess hydrogen, and some days there is a hydrogen shortage.
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Table A 4.1: Overview of the scenarios together with the provided data of the 4.5 MWp solar park

Scenarios Capacity Percentage Hydrogen The smallest The largest
needed needed amount of hydrogen amount of
hydrogen
Scenario 1 | 200 kW | 5.2% 15 kg 0.427 kg 30.23 kg
Scenario 2 | 599 kW | 15.7% 45 kg 1.29 kg 91.27 kg
Scenario 3 | 999 kW | 26.1% 75 kg 2.15 kg 152.31 kg
Scenario 4 | 1998 kW | 52.2% 150 kg 4.31 kg 304.62 kg
Scenario 5 | 2998 kW | 78.4 % 225 kg 6.45 kg 456.92 kg

Appendix 5: Diesel and hydrogen figures separately
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Figure A 5.1. The GWP of components of a d-GPU.
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Figure A 5.2. The GWP of components of a hydrogen GPU.
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Figure A 5.3. GWP of the diesel supply chain for the five scenarios
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Figure A5.5. The GWP of the diesel supply chain
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Figure A 5.6. The GWP of the hydrogen supply chain

Appendix 6: fuelling station

0,0667 p
hydrogen fuel
station - scenario

6,46E3 kg CO2

102p 0,0667p | | 0,0667 p
fuel station - high fuelling station - Air compressor,
pressure storage dispenser screw-type
6,35E3 kg CO2Z 55,7 kg CO2-eq | | 52,4 kg CO2-eq | |
I
— S — — — —
9,18 kg 15,9 kg 6,12 kg 31,2 kg 729 kg 11,2 kg 2kg
Steel, chromium Steel, low-alloyed Aluminium, Epoxy resin Carbon fibre Sheet rolling, Aluminium,
steel 18/8 {GLO}| {GLO}| market wrought alloy {RoW?}| epoxy reinforced plastic, chromium steel wrought alloy
44,8 kg CO2-eq |_| 30,4 kg CO2-eq | 83,4 kg CO2-eq | | 133 kg CO2-eq | | 6,06E3 kg CO2 6,88 kg COZ-eq 38,4 kg CO2-eq | |

Figure A 6.1. Overview of the contribution of materials, processes and products to the fuelling station

Appendix 7: ReCiPe method

Table A 7.1: ReCiPe method of scenario 3 for the diesel supply chain

Diesel

fuelling Diesel Burning

Impact category  Unit Total station production d-GPU  diesel Transport
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kg CO2

Global warming eq 1.78E+06|3.89E+01 |3.52E+04 |1.68E+03|3.15E+05 [1.43E+06

Stratospheric ozone |kg CFC11

depletion eq 1.22E+00|9.00E-06  [6.98E-02 [4.87E-04 |2.95E-01 [8.58E-01
kBg Co-

lonizing radiation |60 eq 1.67E+04|1.18E-01 [1.92E+03 |[6.68E+00|2.09E+03|1.27E+04

Ozone formation,|kg NOx

Human health eq 1.15E+04|9.97E-02 1.49E+02 |4.42E+00|4.82E+03|6.52E+03

Fine particulate | kg PM2.5

matter formation eq 3.57E+03|7.67E-02 |1.04E+02 |[3.69E+00|1.29E+03|2.18E+03

Ozone formation,

Terrestrial kg NOx

ecosystems eq 1.18E+04|1.03E-01  [1.59E+02 |[4.50E+00|4.86E+03|6.74E+03

Terrestrial

acidification kg SO2 eq|7.52E+03| 1.47E-01 3.11E+02 |8.18E+00 |2.29E+03 [4.90E+03

Freshwater

eutrophication kg P eq 2.43E+02 | 2.27E-03 3.33E+01 |[1.18E-01 [3.49E+01|1.75E+02

Marine

eutrophication kgNeq |5.17E+00(7.64E-04 1.01E-01 |3.50E-02 |7.81E-01 [4.25E+00

Terrestrial kg 1,4-

ecotoxicity DCB 1.10E+07 [1.27E+02 |[1.15E+05 |1.70E+04|6.96E+05|1.02E+07

Freshwater kg 14-

ecotoxicity DCB 1.52E+03|1.11E-01 |8.88E+01 |4.00E+00(1.67E+02|1.26E+03
kg 1,4-

Marine ecotoxicity [DCB 7.91E+03|2.29E-01 |2.95E+02 |[1.66E+01|7.35E+02 |6.86E+03

Human

carcinogenic kg 1,4-

toxicity DCB 3.54E+04|7.10E+00 |[3.07E+02 |[1.47E+02]|3.13E+03|3.18E+04

Human non-

carcinogenic kg 1,4-

toxicity DCB 4.63E+05|1.56E+01 |5.97E+03 |1.45E+03|3.50E+04 [4.21E+05
m2a crop

Land use eq 6.37E+04|6.78E-01  |3.66E+03 |[3.63E+01|4.45E+03 |5.56E+04
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Mineral

resource

scarcity kgCueq |7.17E+03|1.18E+00 |6.49E+01 |3.56E+01|7.43E+02(6.32E+03
Fossil resource

scarcity kg oil eq |6.60E+05(8.81E+00 |8.86E+04 |3.82E+02(9.67E+04 |4.74E+05
Water consumption [ m3 4.35E+03 [ 2.94E-01 3.02E+01 |[1.28E+01(3.37E+02|3.97E+03

Table A 7.2: ReCiPe method of scenario 3 for the hydrogen supply chain

Impactcategory

Unit

Total

h-GPU

Solar

Electrolyser park

Hydrogen

fuelling

station

Water

Waste

scenario

CO2

Global warming | eq 1.58E+05| 1.54E+02 [ 2.97E+03 3.95E+04 [ 6.59E+03 |5.89E+02 | 1.08E+05
kg

Stratospheric CFC11

ozone depletion |eq 1.34E-01 |4.98E-04 |5.56E-03 1.89E-02 |1.84E-03 |2.98E-04 |1.07E-01
kBq

lonizing Co-60

radiation eq 3.90E+02|7.89E-01 [1.75E+01  |2.96E+02|3.75E+01 [1.86E+01|2.02E+01

Ozone kg

formation, NOx

Human health  [eq 1.94E+02|9.52E-01 | 8.63E+00 1.04E+02|1.41E+01 |1.07E+00 [6.54E+01
kg

Fine particulate |PM2.5

matter formation | eq 1.26E+02|9.11E-01 |1.11E+01 8.72E+01|1.28E+01 [8.50E-01 [1.36E+01

Ozone

formation, kg

Terrestrial NOx

ecosystems eq 2.01E+02|9.76E-01 |8.91E+00 1.10E+02|1.43E+01 |1.09E+00|6.58E+01
kg

Terrestrial S0O2

acidification eq 2.64E+02|2.88E+00(1.94E+01 |1.78E+02|2.59E+01 [2.06E+00 |3.53E+01
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Freshwater

eutrophication |kgPeq|1.80E+01|2.73E-02 |2.91E-01 4.08E+00|3.69E-01 [9.21E+00|4.03E+00
Marine kg N
eutrophication |eq 6.24E+00 [ 1.76E-03 |5.42E-02 1.83E+00 |3.12E-02 |[1.28E+00 |3.04E+00
Terrestrial kg 1,4-
ecotoxicity DCB [1.51E+06|1.20E+03|1.24E+05 |1.32E+06 |1.49E+04 |1.02E+03|5.16E+04
Freshwater kg 1,4-
ecotoxicity DCB |5.18E+02|5.05E-01 | 1.46E+01 5.59E+01 [5.63E+00 (4.85E-01 (4.41E+02
Marine kg 1,4-
ecotoxicity DCB [1.69E+03|1.56E+00|7.69E+01 |9.67E+02[1.22E+01 |1.39E+00 |6.29E+02
Human
carcinogenic kg 1,4-
toxicity DCB [3.30E+03|8.40E+00(9.43E+02 |9.72E+02[9.63E+01 |2.54E+01|1.26E+03
Human non-
carcinogenic kg 1,4-
toxicity DCB |[6.40E+04|9.49E+01|5.33E+03  |3.93E+04 [1.41E+03 |1.34E+02|1.77E+04
m2a
crop
Land use eq 1.70E+03 |4.22E+00|1.06E+02  [1.23E+03|1.81E+02 |1.52E+01 | 1.64E+02
Mineral kg Cu
resource scarcity | eq 8.06E+02|8.07E+00 | 3.01E+02 4.37E+02 [1.60E+01 [2.26E+00 (4.12E+01
Fossil resource [kg oil
scarcity eq 1.46E+04|4.20E+01 | 7.05E+02 1.06E+04|1.64E+03 |1.48E+02|1.45E+03
Water
consumption m3 2.14E+03|1.36E+00|3.37E+01  |[1.59E+03|4.14E+01 |2.39E+02 |2.31E+02
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Appendix 8: Cost assessment
Table A 8.1: The hydrogen supply chain and its investment and usage costs

Hydrogen Costs Lifetime Costs per year

component

Solar park €800,000 per hectare | 30 years (Company C, | €26,667 per year per
(Roos, 2018) 2022) hectare

Electrolyser €500 per kW (ReuB et | 25 years (Evangelisti | €2 per year per kW
al., 2019) etal., 2017)

Fuelling station €1,700,000 (ReuB et |15 years (Wulf & |€113,333 per year
al., 2017) Kaltschmitt 2012)

Hydrogen GPU €200,000 per GPU | 25 vyears (Oechies, | €25,000 per year

(Oechies, 2022a)

2022a)

Ultrapure water

€696.26 per 1000
litres (ReAgent
Chemical Service
Ltd, 2022)

Table A 8.2: The diesel supply chain and its investment and usage costs

Diesel component

Lifetime

Costs per year

Purchasing diesel

Costs

€1.90 per liter
(Nederland  prijzen
van diesel, n.d.)
€0.51 per km

(Bridgestone Mobiliy
Solution BV, n.d.)

Truck €160.000 (ReuB et al., | 8 years (Reul3 et al., | €8,000 per year
2017) 2017)

Fuelling station €250.000 30 years (Moolla et | €8.333 per year
(Schumaker, 2022) al., 2015)

Diesel GPU €85,000 (Kolk, 2022) | 25 years (Oechies, | €3,400 per year

2022a)
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Table A 8.3: The amount of diesel used per year in litres per scenario
Scenario 1 42 kg/0.85 =49.4 |

49.4 | * 365 days = 18,035
I

Scenario 2 126/0.85 = 148.2 |

148.2 * 365 days = 54,106 |
Scenario 3 210/0.85 =247.11

247.1 * 365 =90,177 |
Scenario 4 420/0.85=494.11

494.1*365 = 180,353 |
Scenario 5 630/0.85=741.2 |

741.2*%365=270,529 |
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Table A 8.4: Cost calculations for the hydrogen and diesel supply chain

Scenario Hydrogen Diesel

Scenario €133,333 + €25,000 = €158,333 £€8,000 + £€8,333 + £3,400 = £19,733
independent

costs

Scenario 1 0.22 hectare * €26,667 = €5,866.74 | 2981.16 tkm * €0.51 = €1,520.39

37,5 kW * €2 = €75
€696.26 * 40.953 = €28,513.94

18035 | * €1.90 = €34,266.50

Total scenario 1

€192,788.68

€55,519.89

Scenario 2

0.64 hectare * €26,667 = €17,066.88
112.5 kW * €2 =225
€696.26 * 122.859 = €85,566.87

8963.76 tkm * €0.51 = €4,571.52
54106 | * €1.90 = €102,801.40

Total scenario 2

€261,191.75

€127,105.92

Scenario 3

1.08 hectare * €26,667 = €28,800.36
187.5 kW * €2 = €375
€696.26 * 204.765 = €142,569.68

14905.8 tkm * €0.51 = €7,601.96
90177 1 *€1.90 =€171,336.30

Total scenario 3

€330,078.04

€198,671,26

Scenario 4

2.14 hectare * €26,667 = €57,067.38
375 kW * €2 = €750
€696.26 * 409.530 = €285,139.36

29811.6 tkm * €0.51 = €15,203.92
180353 | * €1.90 = €342,670.70

Total scenario 4

€501,289.74

€377,607.62

Scenario 5

3.22 hectare * €26,667 = €85,867.74
526.5 kW * €2 = €1,053
€696.26 * 614.295 = €427,709.04

44717.4 tkm * €0.51 = €22,805.87
270529 | * €1.90 = €541,005.10

Total scenario 5

€672,962.78

€556.543.97

According to Trading Economics (n.d.), a ton of CO2-eq is €85. This is a price that has to be paid
over the emissions during their production process. For the airport, this is the emissions of the
aeroplanes and the ground support equipment. Not of the production of this equipment. Therefore,
for the scope of this research, the CO2 emitted as the cause of the burning of diesel is considered for
these prices. If the transport of diesel is kept inhouse by the airport, than the emissions of transport

have to be considered as well and also be considered for the ETS prices.
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Table A 8.5: Cost gaps and the calculated ETS costs for the five scenarios

Burning diesel Burning diesel + transport Cost difference

(tons CO2-eq) (tons CO2-eq) hydrogen and diesel
Scenario 1 62 * €85 =€5,270 347 * €85 =€29,495 €137,268.79
Scenario 2 188 * €85 =€15,980 | 1,040 * €85 =€88,400 €134,087.73
Scenario 3 315 *€85=€26,775 | 1,750 * €85 =€148,750 €131,406.73
Scenario 4 627 * €85 =€53,295 | 3,470 * €85 =€294,950 €123,691.12
Scenario 5 940 * €85 =€79,900 | 5,210 * €85 =€442.850 €116,418.81
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Appendix B. Economic Effects of Sustainable Energy Supply at Regional Airports: The
Transformation Towards Hydrogen Ground Power Units (h-GPUs) at Groningen Airport
Eelde

Abstract

Objective: The aviation industry faces growing pressure to reduce its enormous carbon emissions.
The transition towards a sustainable energy supply is needed for the airports to decarbonize, whereby
hydrogen is a high potential to reach carbon neutrality. However, high initial investment costs for
green hydrogen form an obstacle to the implementation of hydrogen at airport operatit The
primary source of emission is caused by powering the aircraft during turnaround times by diesel
ground power units (d-GPUSs). Therefore, this study aims to determine the costs and benefits of
acquiring a hydrogen fuel cell-powered ground power unit (h-GPU) at a regional airport and compare
it to a traditional GPU.

Methodology: This is achieved using an economic model and simulation, including energy
consumption costs, capital expenditures, and operational expenditures, based on real-life data and
expert knowledge. The simulation is based on the energy demand of an h-GPU and the supply
provided by the solar park, hydrogen storage tank, and grid. The baseline is expanded by three
scenarios to enlarge the understanding of costs and benefits. Also, a sensitivity analysis is conducted
on the electricity cost of PV, diesel price, and carbon emission cost.

Findings: The study found that the GPU is economically more profitable than the h-GPU in the
baseline scenario. However, in the scenario where demand is doubled, the h-GPU provides a market
opportunity, as its NPV exceeds the NPV of the GPU. Implementing the carbon emission tax and
doubling the demand, further increased the market opportunity for the h-GPU. In the scenario with
increased demand, the hydrogen unit costs decrease from €5.97/kg to €3.80/kg by the economics of

scale.

Conclusion: Ultimately, implementing h-GPU at regional airports presents promising opportunities,
increasing the potential to become a regional hydrogen hub. Increasing the hydrogen implementation
in ground support equipment (GSE) of airports will further increase the viability and reduce the unit
production costs of hydrogen. However, further developments are needed to make this economically

visible for larger airports and foreign countries that depend more on outside energy sources.

Keywords: green hydrogen fuel cell, renewable energy, regional airport, cost and benefit, simulation

model
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1. Introduction

The European Union is making significant efforts to attain climate neutrality by 2050 in response to
the damaging effects of greenhouse gas (GHG) emissions on the environment (European
Commission, 2021). To reach this goal, electrification, energy efficiency, and the utilization of
renewable energy sources (RES) are estimated to achieve roughly 70% of the necessary reductions
in carbon dioxide (CO2) emissions toward a net-zero energy system (IRENA, 2022). However, full
decarbonization will necessitate the integration of hydrogen as a critical component (IRENA, 2022).
Hydrogen can be produced from renewable sources like solar and wind energy, and while RES can
be generated globally, their cost-effectiveness can vary depending on location (IRENA, 2022).
Additionally, hydrogen has several advantages, including being transported via existing gas pipelines
and ships, stored in salt caverns, used locally, and converted into electricity by fuel cells (FC)
(Farahani et al., 2020). These characteristics make hydrogen a valuable energy carrier for countries
that rely on imports of fossil fuels (Dunn, 2002; Staffell et al., 2019).

The aviation industry presents unique challenges in reducing CO2 emissions (Morrow, Hochard, and
Francfort, 2007). This sector accounts for approximately 5% of global GHG emissions (Lai et al.,
2022). Moreover, the industry's dependency on fossil fuels and its anticipated growth that exceeds
the average growth rate of other sectors only exacerbate the problem (Gonzalez-Garay et al., 2022).
Therefore, there is an increasing demand for adopting renewable power sources and environmentally
friendly technologies within the industry (Baroutaji et al., 2019). For the aviation industry to
decarbonize, the transition towards biofuels and hydrogen is deemed crucial by the Intergovernmental
Panel on Climate Change (IPPC, 2021).

Even though the fuel consumption of aircraft is the most significant contributor to carbon emissions
in the aviation industry, this study focuses on the early implementation of electrifying airports. The
integration of hydrogen resources and electrification into airport energy systems is seen as a solution
for mitigating carbon emissions (Kilkis and Kilkis, 2017; Zhao et al., 2022). During aircraft
turnaround times, ground support equipment (GSE) is utilized for loading, cleaning, repositioning,
and taxiing aircraft (Greer, Rakas, and Horvath, 2020). The primary source of carbon emissions at
airports is the power supply for aircraft, which can be provided either through an auxiliary power unit
(APU) on the plane or through an external d-GPUs (Padhra, 2018). It is imperative to find a carbon-
neutral alternative for powering aircraft during these times to meet decarbonization targets.
Transitioning to hydrogen ground power units (h-GPUs) is essential for reaching the net-zero
emissions goal by 2030. Moreover, such a transition would allow airports to become regional
hydrogen hubs and reduce their dependence on congested national grids.
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Despite its numerous benefits in the energy sector, the global dissemination of hydrogen faces several
challenges that impede its implementation. One obstacle to producing hydrogen from RES is the high
initial investment costs associated with the required technology, such as electrolyzers, fuel cells,
hydrogen storage tanks (HST), and refueling equipment (Zhou and Searle, 2022). Moreover, the
growth of the clean hydrogen industry faces additional constraints from regulatory restrictions and
the slow advancement of hydrogen infrastructure developments (IEA, 2019). In contrast to these
challenges, the International Energy Agency (IEA, 2019) projects that the cost of producing hydrogen
from RES could decrease by 30% by 2030 due to declining costs of renewable energy technologies

and the scaling up of hydrogen production.

For airports to reach their carbon-neutral targets, decision-makers must evaluate the necessary
investment costs for the transition. Given that the most significant carbon emissions at airports occur
during aircraft ground power operations, assessing the cost implications of transitioning to hydrogen
for this purpose is essential. This study aims to contribute to the implementation of hydrogen at
airports by examining the economic effects of the transformation at a regional airport in the Northern
Netherlands. The findings of this study will be valuable to policymakers and airport managers in
making informed and well-rounded decisions. The research question of this study is: What are the

costs and benefits of transforming towards a h-GPU for airports?

To answer the question and achieve the objective of this study, a cost assessment is conducted that
analyzes the total costs associated with establishing a h-GPU. Moreover, the net present value (NPV)
for GPU and h-GPU are compared to evaluate the economic feasibility of transforming to a h-GPU.
A simulation model is developed to estimate the energy consumption and distribution based on the
hydrogen demand of aircraft. For this instance, Groningen Airport Eelde has been selected due to its
aspiration to be recognized as Europe's first Hydrogen Valley Airport and its efforts towards
achieving this goal (GAE, 2021). In addition, to gain a more comprehensive understanding of the
system under investigation, the study expanded the baseline scenario by incorporating three scenarios:
(A) doubled demand, (B) carbon emission tax, and (C) doubled demand and carbon emissions tax.

Furthermore, a sensitivity analysis is conducted on the key parameters to assess their impact.

The result shows that in all scenarios, the total costs and revenues for the h-GPU are higher than the
GPU. Specifically, when demand is doubled, transitioning towards an h-GPU becomes economically
feasible, as the NPV of the h-GPU is found to be 22% higher than that of the GPU. Furthermore,
when demand is doubled and a carbon emission tax is implemented, the market opportunity for h-
GPU further increases. Because the hydrogen unit cost decreases from €5.96 per kg to €3.80 per kg
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due to economics of scale and contributes to the increase in NPV for the h-GPU. In contrast, the NPV

of the GPU decreases due to the implementation of a carbon emission tax.

The paper continues with an extensive literature review in chapter 2 to provide background
information on the research topic. Chapter 3 explains the methodology used to conduct a cost
assessment, and chapter 4 describes the simulation model and provides an overview of the scenarios.
The results are presented in chapter 5 and are discussed in chapter 6. Lastly, the conclusions are drawn

in chapter 7.
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2. Literature Review

In the first part of this section, previous research conducted on hydrogen is reviewed. Firstly, the
focus will be on the hydrogen infrastructure, which consists of hydrogen production, storage,
transportation, and end-use. Thereafter, the hydrogen implementation at airports is investigated, and
the focus will be on the sustainable energy supply of the GPU, such as hydrogen fuel cells or battery
storage systems (BSS). Furthermore, the financial aspect of hydrogen implementations at airports is
discussed. In the final part, the research gap is identified, and the contribution of this paper is

elaborated.

2.1. Hydrogen Infrastructure

Due to the undeniable environmental effects of burning fossil fuels, there is an increasing demand for
renewable energy sources (RES) as part of the energy transition to combat the climate crisis.
(Dawood, Anda and Shafiullah, 2020; Yue et al., 2021). Hydrogen is a promising energy source for
the energy transition. The transition from a fossil fuel-based economy towards a clean hydrogen
future is globally known as the hydrogen economy (Dawood, Anda, and Shafiullah, 2020) Hydrogen-
based fuel-cell technologies provide solutions to reduce environmental pollution, as they provide
more efficient production of energy from fuel compared to the traditional systems (Testa et al., 2014).
Additionally, hydrogen is a carbon-free fuel at the point of use, as it permits the contamination of
emissions such as carbon monoxide (CO), carbon dioxide (CO:), nitrogen oxides (NOx) and
hydrocarbons (HCs) (Testa et al., 2014; Bicer and Dincer, 2017; Baroutaji et al., 2019; Staffell et al.,
2019; Dawood, Anda and Shafiullah, 2020; Siddiqui and Dincer, 2021). So, hydrogen has a vital
position in the energy transition as it diminishes emissions since pure water is the sole spinoff from

the electricity production from hydrogen when produced by fuel cells (Yue et al., 2021).

2.1.1. Production

Hydrogen is not an energy source but an energy carrier; however, it can be converted to use as an
energy source. Even though pure hydrogen is hardly a separate element, it can easily be discovered
with other elements. For example, hydrogen occurs naturally in water with a combination of oxygen
and in various hydrocarbon fuels, plants, and animals in combination with carbon (Dunn, 2002).
There are different ways to produce hydrogen. As discussed in Siddiqui and Dincer (2021), hydrogen
can be produced by either a conventional production route or a renewable energy-based route,
whereby the latter includes wind, solar, hydropower, or geothermal energy resources. To signify
hydrogen as a clean energy carrier, it is essential to investigate the environmental effects during its
life cycle (Acar and Dincer, 2020; Dawood, Anda, and Shafiullah, 2020; Siddiqui and Dincer, 2021).
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A color-coding model distinguishes hydrogen based on the used production technologies (Schlund,
Schulte, and Sprenger, 2022). Dawood, Anda, and Shafiullah (2020) and Osman et al. (2022) have
disclaimed the color coding model and its correlation with clean hydrogen since it only considers the
type of energy and technologies used during the production process. The color-coding model mainly
differentiates three types of hydrogen: grey, green, and blue. Generally, grey hydrogen is assumed to
be generated using fossil fuels (Osman et al., 2022), such as natural gas steam reforming (Papadis
and Tsatsaronis, 2020). Next, green hydrogen is identified as hydrogen produced from renewable
energy resources (Yue et al., 2021). The electricity generated from solar panels or wind farms is used
in a water electrolyzer to produce hydrogen (Dawood, Anda, and Shafiullah, 2020; Hoelzen et al.,
2022). Subsequently, blue hydrogen refers to hydrogen generated from natural gas, at which
approximately 90% of the carbon is captured with the support of carbon capture and storage (CCS)
(Dawood, Anda, and Shafiullah, 2020; Yue et al., 2021).

2.1.2 Storage and Transportation

Another aspect of the hydrogen infrastructure is storage and transportation. Hydrogen energy storage
(HES) is prominent in balancing energy supply and demand, which is especially important for time
scale fluctuations and seasonal changes (Reuf? et al., 2017; Dawood, Anda, and Shafiullah, 2020).
Furthermore, Zini and Dalla Rosa (2014) explain that it is possible to sell excess energy to the grid
during high electricity prices due to the advantages of having HES with a RES power plant. Farahani
et al. (2020) show that the electricity imbalance between supply and demand during peak moments
could be solved by fuel cell electric vehicles (FCEVs), whereby the energy system of office buildings
would become more flexible, reliable, and cheaper. Their research also reveals that 20% to 30% of
the energy supply comes from storage in a renewable energy system. Hydrogen storage has different
ways, whereas physical and chemical storage are the main categories (Baroutaji et al., 2019; Nazir et
al., 2020a). Currently, hydrogen is commonly stored in the pressurized gas state, for example, above
ground in metallic tanks, cylinders, spherical vessels, or underground, such as in salt caverns or
depleted gas and oil reservoirs. (Haghi, Raahemifar, and Fowler, 2018; Baroutaji et al., 2019; Nazir
et al., 2020a).

Furthermore, hydrogen in liquid form can be stored in cryogenic tanks, and hydrogen in a solid state
can be stored in metal hydrides (Baroutaji et al., 2019). The choice of storage type depends on various
factors, including the end-use, geographical limitations, volume, transportation, safety regulations,
and installation costs. Each storage form has advantages and disadvantages (Schrotenboer et al.,
2022). Also, transportation choice varies depending on similar factors, including hydrogen state,
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storage form, end-use, distance, and scale. Nazir et al. (2020a) discuss the transportation options for
large-scale hydrogen applications, including vessel tanks, trucks, and pipelines. Hassan et al. (2021)
emphasize the crucial procedure of determining the optimal sizes of components in a HES, including
electrolyzers, fuel cells, and hydrogen storage tanks (HST). The technical and financial limitations in
hydrogen storage and transportation are significant drawbacks in developing the hydrogen economy

and will be explored further in the subsequent section of the chapter.

2.1.3. End-use

Subsequently, the produced and stored hydrogen is used for multiple sources. According to Wulf et
al. (2018), the advantage of generating hydrogen from renewable energy is the provided possibilities
within the mobility sector for FCEV and the allowance for storage of electricity surplus. Among other
things, hydrogen can be used in the built environment, for example, as heating and electricity, whereas
in the industry, it is mainly used as a chemical feedstock (Staffell et al., 2019; Schrotenboer et al.,
2022). For instance, Xie et al. (2021) investigated the economic feasibility of powering a data center
with hydrogen. Ehret and Bonhoff (2015) and Acar and Dincer (2020) examined the viable
implementations of hydrogen fuel for transportation systems.

Furthermore, Gonzélez-Garay et al. (2019) provided a critical analysis of producing green methanol
by using green hydrogen. Testa et al. (2014) explored reducing airport air pollution by transforming
it towards h-GSE vehicles. Although hydrogen can be used for various applications, as mentioned,
the focus in this paper will be on the potential of hydrogen as a power source, such as electricity, in
the transportation sector. The main scope of this study is on the implementation of hydrogen fuel cells
at the airport's ground vehicles to provide power to aircraft, specifically the ground power units

(GPU), which will be further explained in section 2.3.1.

2.2. Limitations of Hydrogen

The businesses focussing on hydrogen innovation could be perceived as taking part in both
organization transformation and system building of the sustainability-orientated innovation (SOI)
framework. But there are several challenges, including shifting mindset, collaboration with other
industry stakeholders, and creditability requirements, to name a few (Network for Business
Sustainability, 2012). One of the main challenges of hydrogen is financial limitations. For example,
the hydrogen (storage) system costs are higher than the battery (storage) systems; however, with
current research and developments, there is increasing potential to make hydrogen systems
competitive by 2030 (Glenk and Reichelstein, 2019; Nazir et al., 2020a; Hassan et al., 2021). Also,

the various hydrogen production methods have consequences for production costs (Papadis and
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Tsatsaronis, 2020), making hydrogen production more expensive than fossil fuels (Testa et al., 2014;
Acar and Acar, and Dincer, 2020). Consequently, the barriers for the mobility sector are the economic
feasibility of FCEV and sufficient hydrogen infrastructure (Nazir et al., 2020b) . Another limitation
of a hydrogen economy is the indistinct public view on hydrogen (Schmidt and Donsbach, 2016),

which negatively influences various stakeholders' trust in hydrogen systems.

2.3. Hydrogen at Airports

Implementing hydrogen and fuel cell technologies in the aviation industry has promising potential
(Testa et al., 2014; Baroutaji et al., 2019; Siddiqui and Dincer, 2021; Xiang et al., 2021).
Decarbonization of the aviation industry has attained increasing attention, as it currently accounts for
over 2.5% of global CO> emissions (Kroyan et al., 2022). However, this percentage increases further
when airport operations and construction are considered (Greer, Rakas, and Horvath, 2020; Gonzalez-
Garay et al., 2022). The decarbonization of airports is especially important to reduce GHG emissions
and achieve the goals outlined in the Paris Agreement to limit global temperature rise to 1.5°C above
pre-industrial levels (UNFCCC, 2015; Haghi, Raahemifar and Fowler, 2018; Barke et al., 2020).

Numerous studies have been executed about implementing hydrogen within the energy system of the
aviation industry as a solution for decarbonization and achieving zero emissions (Xiang et al., 2021,
Hoelzen et al., 2022). Accordingly, Xiang et al. (2021) examined the advantages of a techno-
economic analysis of the airport electrification system integrated with a hydrogen solar storage energy
system. Specifically, the paper observed the benefits of implementing, among other things, electric
vehicles (EV), photovoltaic energy (PV), the battery storage system (BSS), and electric auxiliary
power unit (APU) of airplanes as a micro-grid solution at airports. The APU of the aircraft is used
during the turnaround time when the plane is being prepared for its next flight at the gate. During this
turnaround time, passengers, cabin crew, and cargo are unloaded from the plane, and the APU powers
the electrical system of the airplane to supply power for the lighting and the air conditioning of the
aircraft, as well as support the main engines of the aircraft with starting up (Padhra, 2018; Baroutaji
et al., 2019; Salihu, Lloyd and Akgunduz, 2021). Subsequently, research reveals that the APU is a
predominant emission emitter with a relatively high usage duration and fuel consumption rate
(Padhra, 2018; Baroutaji et al., 2019). Therefore, alternative ways for powering the APU are
examined. For example, Boeing and Airbus are exploring the possibilities of converting the traditional

diesel engine-powered APU to hydrogen fuel cells (Baroutaji et al., 2019).
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2.3.1. Ground Power Units

An alternative way to power an aircraft during turnaround times is using external power suppliers,
such as a remote stand-ground power unit (GPU) (Xiang et al., 2021) or electrical contact stands
(Padhra, 2018). When the airplane is at a contact stand, passengers can board through a boarding
bridge, and when the aircraft is at a remote stand, the passengers need to be carried to the location by
bus (Xiang et al., 2021). So, in the contact stand, the aircraft can be powered by energy from the
airport, usually located under the boarding bridge (Padhra, 2018; Xiang et al., 2021). But this limits
the usage on a broader scale when aircraft are not parked near the terminal. Whereas GPUs can supply
energy to aircraft at remote stands since they are mobilized fuel cell vehicles and are an alternative
for contact stands. The GPU has the advantage of reducing costs as the power can be converted
efficiently and cheaply on the ground and eliminate the adverse side effects of the APU, such as noise
and air contamination (Rivera et al., 2018). By extending the usage of GPUs prior to departure, the
use of APUs will be minimized (Padhra, 2018). When the GPUs are transitioned to be powered by
renewable energy sources, there will be an emission reduction (Destination 2050, 2021). Therefore,
airports are increasing the implementation of hydrogen in their energy systems and ground operations
using fuel cells, including ground support equipment (GSE) and GPUs (Testa et al., 2014). GSEs are,
among other things, used for repositioning, loading, and cleaning parked airplanes (Greer, Rakas, and
Horvath, 2020). GPUs are traditionally powered by fossil fuels such as diesel engines; however, new
technologies make it feasible to produce hydrogen ground power units (h-GPUs) powered by fuel
cells (Testa et al., 2014). Research revealed that the primary emission sources at airports are caused
during turnarounds when the airplane is powered by either an APU or a d-GPU (Padhra, 2018).
Therefore, the direct solution for decarbonized airports is the transition towards sustainable energy
powered by either control stands, remote stand h-GPUs, or battery-powered e-GPUs. Each option has
its advantages and disadvantages. The limitations of the h-GPU are related to the challenges of the
hydrogen infrastructure. A challenge of the e-GPU is increasing the dependency of the airport on the
grid, hence increasing the energy costs (Xiang et al., 2021). Another challenge of e-GPU is the need
for ample battery storage and long charging times to supply energy to aircraft. With the increasing
potential of hydrogen in the aviation industry and hydrogen infrastructure, a h-GPU is more
applicable for wide-body aircraft. An e-GPU is more beneficial for small-sized aircraft with fewer

flight hours. The following explains the financial factors of hydrogen implications at airports.
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2.3.2. Economic Aspects of Hydrogen at Airports

As aforementioned, the main barrier to the hydrogen economy is the economic limitations of
hydrogen production and infrastructure. For example, research reveals that the production costs of
green hydrogen and the system capital cost are currently uncompetitive due to the inefficiency and
consequently increasing operations and maintenance costs (OMC) for fuel cell systems and
electrolyzer systems (Qyyum et al., 2021; Yue et al., 2021; Terlouw et al., 2022). Testa et al. (2014)
emphasize that there is a need for an accurate cost analysis when a new technology is commercially
applied. Additionally, according to Terlouw et al. (2022), a life cycle analysis and overall cost
assessments are generally accepted to identify the environmental and economic trade-offs of HES.
Therefore, airports need to consider the transformation towards h-GPUs financially. Even though
limited research is conducted about the financial aspects of a h-GPU, there are cost assessment studies

evaluating hydrogen production and FCEVs.

For example, Terlouw et al. (2022) examined the hydrogen production costs using water electrolyzers
and RES. They concluded that green hydrogen could compete with grey hydrogen since natural gas
prices have recently increased. Glenk and Reichelstein (2019) revealed that gaseous green hydrogen
is economically feasible for small and medium-scale applications and will become competitive for
industrial-scale supply in a decade. Hoelzen et al. (2022) revealed that a supply of low-cost green
liquid hydrogen infrastructure is required for the economic feasibility of hydrogen aviation fuel,
which was conducted by a cost assessment on direct operating costs (DOC). Research also covers the
economic feasibility of hydrogen-powered buildings, using hydrogen fuel cells and solar energy, with
a net present cost analysis using a simulation by Singh, Baredar, and Gupta (2017) or a life cycle
cost analysis (LCC) (Xie et al., 2021). Farahani et al. (2020) simulated the cost of components for
using hydrogen FCEVs connected to the grid for an office building. Research by Oldenbroek,
Verhoef, and van Wijk (2017) concluded that FCEVs and RES are cost-effective and reliable energy
systems for renewable energy-based city areas , where FCEVs can provide power by vehicle-to-grid
facilities. Research about passenger cars revealed that the total cost of ownership (TCO) of FCEV is

significantly higher compared to all other vehicles (Ahmadi and Kjeang, 2017; Cox et al., 2020).

Furthermore, Testa et al. (2014) compared the costs of a d-GPU and h-GPU. Their findings indicate
that h-GPUs are more costly than GPUs, despite advancements in PEM fuel cell technology and the
production of gaseous hydrogen via electrolyzer and steam methane reforming at airports. While their
study provides a cost comparison between GPUs and h-GPUs, the use of steam methane reforming

for hydrogen production limits its potential for decarbonizing airport operations.
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2.4. Contribution

The literature review, as demonstrated in Table 2.1, reveals a lack of research comparing the costs of
a d-GPU and a green h-GPU, considering economic benefits over their lifetime. This study aims to
fill this research gap by examining the economic viability of substituting a d-GPU with a sustainable
h-GPU at airports. To achieve this objective, a comprehensive cost analysis will compare the two
systems and explore the benefits of using a GPU and a h-GPU. This study will build on the work of
Xiang et al. (2021), by focussing on the electrification of energy systems and zero emission operations
at airports, by delving deeper into the costs associated with operating a GPU and a h-GPU. By
incorporating green hydrogen for the h-GPU, the analysis will expand on the research of Testa et al.
(2014), providing a novel comparison between the cost of a d-GPU and a h-GPU. It will provide
valuable insights to stakeholders in the long term by contributing to the literature on hydrogen systems
at airports, as highlighted by Hoelzen et al. (2022). As the results of this investigation can provide
valuable insights for decision-makers and investors, allowing for informed decisions based on a
comprehensive understanding of the potential consequences and benefits. The contribution could best

be summarized as follows:

e This study will undertake a comprehensive economic analysis to evaluate the cost and benefits
of a GPU and a h-GPU, considering hydrogen production using solar energy and grid
electricity with an alkaline electrolysis process.

e To gain a deeper understanding of the impact of various factors on the costs and benefits of
GPU and h-GPU, a simulation study will be performed based on flight frequencies and
exploring three different scenarios. A sensitivity analysis will also be conducted to identify
the key parameters that influence the model results, building upon the research of Xiang et al.
(2021).

e The research will be conducted at a regional airport in North Netherlands and incorporate
insights from relevant experts to provide practical recommendations for decision-makers in

the airport industry.
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Table 2.1 Literature Review Table

Articles Hydrogen GPU h-GPU FC(EV) Cost
Analysis

Testa et al. (2014) vey) v v v

Bicer and Dincer (2017) v

Gonzalez-Garay et al. (2022) v

Greer, Rakas and Horvath (2020) v

Waulf et al. (2018) v v

Baroutaji et al. (2019) v v

Acar and Dincer (2020) v v

Hoelzen et al. (2022) v v

Ehret and Bonhoff (2015) v

Xiang et al. (2021) v v v

Farahani et al. (2020) v v v

Staffell et al. (2019) v v

Dawood, Anda and Shafiullah | « v

(2020)

Siddiqui and Dincer (2021) v

Nazir et al. (2020b) v v

Padra (2018)

Gonzalez-Garay et al. (2019) v v

Zini and Dakka Rosa (2014) v v

Salihu, Lloyd and Akgunduz (2021 v

Papadis and Tsatsaronis (2020) v

Yue et al. (2021) v v v

Rivera et al. (2018) V4

Dunn (2002) v v v

Haghi, Raahemifar, and Fowler v v

(2018)

120



Terlouw et al. (2022)

Nazir et al. (2020a)

Hassan et al. (2021)

Qyyum et al. (2021)

Reul et al. (2017)
Schrotenboer et al. (2022)
Glenk and Reichelstein (2019)

Oldenbroek, Verhoef and van Wijk
(2017)
Cox et al. (2020)

Singh, Baredar, and Gupta (2017)
Ahmadi and Kjeang (2017)

Xie et al. (2021)

Apaydin (2022)
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3. Methodology

In this section, we will first discuss the research design and then the data collection process. We will
also explore the selection of parameters for the cost and benefits model. At this stage, we will provide
detailed explanations of the input variables and experimental variables to provide a comprehensive

understanding of the research methodology.

3.1. Research Design

A cost and benefits analysis will be employed in this study since this analysis is mainly well-suited
for determining the net present value (NPV) of energy devices, such as PV systems (Singh, Baredar
and Gupta, 2017; Xiang et al., 2021; Guo and Xiang, 2022). To provide a holistic understanding of
the costs associated with the implementation of h-GPUs in an airport setting, various cost components

must be considered, such as investment costs for equipment, energy, operation, and maintenance cost.

A simulation is developed in Python to analyze the utilization of a h-GPU in a regional airport setting,
by using hydrogen generated from solar energy or electricity purchased from the grid and an
electrolyzer. The simulation model reveals the energy consumption and production, which are
subsequently used in the cost assessment, similarly to the studies of Zini and Dalla Rosa (2014) and
Singh, Baredar, and Gupta (2017). The developed simulation model is presented in chapter 4. In the
baseline modelthe demand is determined by the existing flight schedule. The baseline scenario is

extended with three scenarios and are presented below:

- Inscenario A, demand has doubled in size.
- Inscenario B, a carbon tax is introduced on the emitted carbon.

- Inscenario C, demand has doubled, and a carbon tax is implemented on the emitted carbon.

3.2. Case Selection

Groningen Airport Eelde (GAE) aims to become the first Hydrogen Valley Airport in Europe, located
in the Northern Netherlands and Europe's first Hydrogen Valley (GAE, 2021). With external
stakeholders such as the Province of Drenthe and Holthausen Clean Technology, the airport
developed a project to transform a GPU into a h-GPU that will be powered using solar energy from
the installed solar park or using grid electricity. Green hydrogen will be locally produced by an
alkaline electrolyzer and stored as a gas in a trailer till HST, as these facilities will be established in

the future. The installed solar park, with a capacity of 21.9 MWp at standard test conditions, is owned
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by Groenleven and is directly connected to the grid. GAE is unique as it will use green hydrogen and
local produce, distribute, and store it (GAE, 2022a). GAE has a limited presence in commercial flights
offering at most one flight per day during the summer of 2023 (GAE, 2022b), but with its generated

energy, the airport can become a regional hydrogen hub.

3.3. Model Development

To calculate the costs and revenues associated with the transition to h-GPUs at a regional airport, the

following assumptions are presented in the model:

1. The project life cycle is 25 years.

2. The model assumes the installed solar park is connected to the grid and electrolyzer,
potentially eliminating conversion losses. Because, emerging technologies are expected to
drive the formulation of new legislation for the aviation industry, permitting the direct
connection of the solar park with the electrolyzer in the future. It is worth noting that while
the efficiency of converting grid electricity of alternating current (AC) to direct current (DC)
typically ranges between 95% and 98%, however the model does not incorporate losses
associated with this conversion process (Park et al., 2020).

3. Given the solar park installation, the PV's capital cost is not factored into the cost analysis.
Instead, only the capital costs associated with the absent hydrogen infrastructure equipment
are considered. Nevertheless, the expenses related to the operations and maintenance of all
energy equipment are included.

4. The surplus hydrogen generated is sold directly to local consumers at market price through a
refueling station yet to be established. The surplus solar electricity is sold back to the grid.

5. Due to the restricted understanding of hydrogen application in airport settings and the
associated safety apprehensions, aviation regulations limit the refueling of hydrogen fuel cells
in the proximity of aircraft. Hence, it is presumed that the h-GPU is charged to meet the
anticipated demand ahead of an aircraft's arrival.

6. Demand is based on the current flight schedule of the regional airport for 2023. An increase
in flight frequencies is handled in scenarios.

To assess the financial feasibility of investing in h-GPU for regional airports, this study aims to
calculate the NPV of the investment and compare it to the conventional GPU. Several costs are
associated with operating an h-GPU, including capital expenditures (CapEXx) for energy devices such
as the d-GPU, h-GPU, HST, and electrolyzer. Additionally, there are annual operational expenditures
(OpEXx) which is made up maintenance cost and COE. The cost of energy (COE) depends on the
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demand for hydrogen, electricity, and diesel, which varies based on the type of GPU utilized. Table

3.1 explains the parameters used in the equation of the model.

Table 3.1 Financial Parameters

Parameters Descriptions

N Project life cycle and service time of the energy devices (25 years)
y Year in the life cycle
r Discount rate

i Energy devices: GPU, h-GPU, HST, electrolyzer, and PV
CapEx,;  Annual capital expenditures for the energy device i, excluding PV, in year y
OpEx,;  Annual operational expenditures for energy device i, in year y

COE

y Annual cost of energy for hydrogen, electricity, and diesel in year y

R;lemi“’fy Annual revenue generated from selling excess of solar energy in year y

R;‘Vdroge" Annual revenue generated from selling excess of hydrogen in year y

The annual total cost (T'C,) is the sum of the discounted CapEXx, OpEXx, and COE, adopted from (Testa
et al., 2014; Xiang et al., 2021; Zhao et al., 2022), and the calculation of the (TC,) is expressed as

follows:

TC, = YN “E2% 4 OpEx,,; + COE, [1]

(1+r)Y

The calculation of the annual COE, noted as COE,, h-GPU is done by multiplying the annual hydrogen
consumption by the current hydrogen unit cost, plus the yearly electricity consumption from the grid
multiplied by the electricity unit cost (Zhou and Searle, 2022). Additionally, COE for the GPU is
calculated by multiplying the annual diesel consumption by the diesel price. The energy consumption

of hydrogen, electricity, and diesel is obtained from the simulation model.

The model is developed by considering revenue generation by selling excess energy. The annually

generated revenue (REV,) is calculated by using Equation [2] (Jovan and Dolanc, 2020):

REVy — R;lectricity + R}i,lydrogen [2]
where R;l“m“” is the revenue from electricity, which is calculated by multiplying the annual excess

hydrogen

of PV energy by the electricity selling price. Revenue from selling hydrogen, R,,

, Is only
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applicable to the h-GPU project, and the excess of hydrogen is multiplied by subtracting the hydrogen

market price and the unit cost of hydrogen (Jovan and Dolanc, 2020).

Additionally, the net present value (NPV) of the investments is calculated by using equation
[3] (Nicita et al., 2020; Jang et al., 2022):

N —
NPV = —CapEx + E (w) [3]
y=0

a+nryy

In the equation, CapEx refers to the total capital expenditures, (REV,,) represents the annual revenues

generated, and OpEx,, stands for the annual operational expenditures of all energy devices.

The hydrogen production cost per kg (H2_cost) is calculated by using Equation [4] (Jovan and Dolanc,
2020).

H __ CapEx+OpExpy ELHST OpPExgGpU 4
2.60st ™ total H2 ' ‘ [4]
production H2 consumption
. ) € ) . kWh
+ electric energy price Wh * hydrogen production power consumption o
g

3.4. Input Data Collection and Analysis

This section discusses the general framework of the airport supply and demand to describe the present
structure of the model. The airport's general layout is illustrated in Figure 3.1, which depicts the
airport's energy supply and demand system. According to the figure, energy is sourced from the grid
and/or PV and utilized by the terminal for daily operations and by the h-GSEs. The utilization of the
h-GSEs depends on flight frequencies, whereas the energy production of the solar park is subject to
variations in solar irradiance and temperature. Additionally, obtaining energy from the grid incurs
financial costs, and emissions produced require the imposition of a carbon tax. The PV is connected
to the electrolyzer to prevent energy losses. The microgrid transforms the electricity obtained from
the national grid and PV to the terminal for daily operations or transfers the national grid electricity

to the electrolyzer to produce hydrogen.

Quantitative data for this research was gathered from various sources such as academic literature,
public documents, reports, and interviews with relevant individuals at the regional airport and its
external stakeholders. The energy capacities and the economic data of the energy devices are shown

in Table 3.2. A discount rate of 7% has been set, which is within the typical range of discount rates
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Figure 3.1 Airport Energy Supply and Demand Layout (adopted from Xiang et al., 2021)




Table 3.2 Economic characteristics of energy devices

Energy

device

PV

Electrolyzer

HST

h-GPU

GPU

Capacity

21,900

kw

1,000 kW

35 kg

120 kW

290 |

Efficiency

rates

0.72

(Yue et al.,
2021)

0.72

(Yue et al.,
2021)

0.6

(Yue et al.,
2021)

Capex

€1,000 / kw
(Yue et al,
2021)

€ 1297.2 | kg
(Haghi et al.,
2018)

€ 200,000

€ 85,000

OpEx/year
€776 | kW
(Xiang et al,
2022)

4% of CapEx
(Haghi et al.,
2018)

0.5% of CapEx
(Haghi et al.,
2018)

€10.64 | kW
(Xiang et al.,
2022)

€2,000
(Hoeksema,
2022)

Note: discount rate = 7%, exchange rate: 1$ = €0.92 on 19-01-2013

Lifetime
(years)

25

(Xiang et al.,
2022)

25

(Xiang et al.,
2022)

25

(Xiang et al.,
2022)

25

(Oechies,
2022)

25

(Oechies,
2022)

Finally, qualitative data in the form of expert insights are gathered through interactions and interviews

with industry experts and visits to relevant stakeholders.

The generated solar energy, energy demand, commodity prices, and carbon emission tax are

explained in detail in the following subsections.

3.4.1. Photovoltaic System Modelling

GAE has an installed solar park with 63,196 solar panels generating a maximum of 21.9 MW
electricity at standard test conditions (STC) (GAE, 2023). The forecasted solar irradiance and

temperature for the upcoming 25-year period have been calculated using the rolling average of the

historical data obtained from KNMI (2023). These are needed to estimate the expected electricity

output from the PV system. To accurately assess the hourly electricity generation from the PV system

during the project, the following PV system model has been adopted from Xiang et al. (2021):

127



Py, = vaPSTCL [1 + a(Tt,c - TC,STC)] [5]

Istc

where the cell temperature ( T,) is calculated using the following equation (Zouine et al., 2019):
G
T, =T, + ﬁ (Tyocr — 20) [6]

The parameters of the models are described in Table 3.3. Additionally, it should be noted that under
the STC, the cell temperature is 25°C, and the irradiance is 1000 W/m? (Xiang et al.,2021), and a
panel's average operating cell temperature is 46°C (Zouine et al., 2019).

In addition, the rated power of a PV panel can be calculated by dividing the maximum capacity of

the solar park by the number of PV panels.

3.4.2. Hydrogen Ground Power Unit Energy Demand

The electricity consumption of aircraft influences the annual hydrogen demand for the (H)GPU
during their turnaround time. In the previous year, the GPU, possessing a 290-liter capacity,
reportedly consumed around 1800 liters of diesel (Dorp, 2022). Based on the flight schedule of the
current year, the estimated number of flights is 263 per year (GAE, 2022b), presented in Table 3.4.
The demand for electricity arises solely on days when commercial flights are scheduled, at 3 pm.
With an aircraft turnaround time of 60 minutes, the demand for diesel per aircraft is estimated to be
approximately 6.84 I/h (Hoeksema, 2022; Rijkens, 2022). Furthermore, it has been noted that the h-
GPU can provide up to 105 kW of power to an aircraft, as 15 kW is required for its cooling system,
with a total capacity of 120 kW (Oechies, 2022). Additionally, the energy density of diesel stands at
approximately 10.7 kW/I, whereas hydrogen is estimated to have a density of around 33.33 kWh/kg
(Jovan and Dolanc, 2020; Eefting, 2022). Hydrogen production involves a power consumption of
about 50 kWh/kg (Jovan and Dolanc, 2020).

Based on the provided data from GAE, electricity demand per turnaround is 73.18 kW, which is
consistent with the range of energy demand of 39 to 107 kW for different aircraft classes reported by
Testa et al. (2014). With the efficiency loss of the h-GPU, this leads to a hydrogen consumption of
3.67 kg per turnaround time, which is in line with the values provided by Testa et al. (2014), where
different aircraft types require hydrogen in the range of 0.7371 kg, 2.3789 kg, and 5.7973 kg.
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Table 3.3 Parameters for PV system model

Parameters Description
Py, PV power output in kw at time t
N,y Number of PV panels
Pgsrc Rated power of PV panel at standard text conditions in kW
I, Solar radiation intensity in W/m?at time t
Isrc Solar irradiance intensity at standard text conditions in W/m?
a Temperature coefficient of power
T, PV cell temperature in °C at time t
T, src PV cell temperature under standard text conditions in °C
T, Ambient temperature
G, Plane module irradiance
Trnocr Normal operating cell temperature

Table 3.4 Flight Schedule

Day Airline Destination Start date End date

Monday TUI Grand Canaria 2022-12-26 2023-12-24
Friday TUI Grand Canaria 2022-12-30 2023-12-24
Saturday Transavia Ostersund 2022-12-24 2023-03-18
Saturday TUI Mallorca 2023-07-15 2023-09-20
Tuesday Corendon Antalya 2023-04-01 2023-10-31
Thursday Corendon Antalya 2023-04-01 2023-10-31
Saturday Corendon Antalya 2023-04-01 2023-10-31
Sunday Blue Islands Channel Islands 2023-04-22 2023-08-14
Sunday Corendon Crete 2023-04-23 2023-10-29
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3.4.3 Commodity Prices

Currently, in the Netherlands, the green hydrogen market price is around 9.60 €/kg and 17.2 €/kg,
and it will decrease to values between 2.4 €/kg and 8.5 €/kg in 2040. The hydrogen market price is
set to 17 €/kg in 2023, which is linearly decreasing to 2.7 €/kg in 2040, and it is assumed that it will
remain constant in the years after 2040 (Terlouw et al. 2022). The excess hydrogen is sold to local

consumers at the market price of green hydrogen through a refuel station.

Additionally, diesel and electricity prices fluctuate depending on various factors such as war, natural
gas, and oil prices. When grid electricity is required, it will be purchased at the current electricity
price of 0.495 €/kWh in the Netherlands as of March 2023 (Energievergelijk, 2023). When there is
an excess of electricity, it is sold to the grid. According to the model of solar power generation, when
there is an abundance of sun, electricity prices tend to be lower. Therefore, the model assumes a
selling price of 0.01 €/kWh for electricity. Because electricity depends on the electricity market's
volatility, electricity price remains constant during the project cycle time (Xiang et al., 2021). The
same holds for the diesel price, which remains constant at 1.766 €/liter during the project cycle time
(ANWAB, 2023). To investigate the effect of these prices and validate these assumptions, sensitivity
analyses are conducted on the electricity and diesel prices in section 5.5.

3.4.5. Carbon Emission and Tax

The annual CO emission of a d-GPU used for 1.5 hours daily is 36.4 kg (x10,000), meaning that the
hourly CO2 emission of a d-GPU is estimated as 664.84 kg CO2/h (Nuhn, 2023). To evaluate the
carbon emissions from the diesel consumption of the GPU, we calculate the annual emissions by
multiplying the hourly carbon emission rate by the total number of operational hours per year (Padhra,
2018). In the Netherlands, the Dutch Emission Authority declared the CO tax is €55.94/ton CO2 in
2023 and will annually increase by €11.55/ton CO2 (NEA, 2021).

4. Case Setting
4.1 Experimental design

A discrete event simulation (DES) model has been developed to estimate the energy consumption
and production for the h-GPU. The simulation is constructed using Python and based on the flowchart

depicted in Figure 4.1.

The simulation model begins with checking the availability of the hydrogen demand within a given

hour. If demand exists, the available inventory of h-GPUs is evaluated to determine whether it can
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meet the demand. When the h-GPU supply is sufficient to meet demand, and adequate solar energy
is available, the system converts the solar energy into hydrogen. The remain of excess hydrogen is
sold at the market price. When the h-GPU inventory is insufficient to meet hydrogen demand, the
system sources additional power from the PV system, HST, or grid to meet the demand. However, if
the solar energy and HST are insufficient to meet the demand, the system purchases electricity from
the grid to produce the required hydrogen. Once the demand is met, the system checks for surplus
hydrogen. Then, surplus hydrogen is used to refuel the HST, and the excess hydrogen can be sold.
The simulation runs continuously for 25 years. Additionally, when there is no demand for hydrogen,
but solar irradiance is available, the system converts the solar energy into hydrogen and sells it for
the market price. If the excess solar energy exceeds the electrolyzer's capacity, the system sells the
excess electricity to the national grid. The simulation is developed by considering the h-GPU and
HST at full capacity, and the inventory for these devices is updated at the end of each hour. The

simulation model is subject to the following constraints:
SHaeru, t< 0 [7]
120 KW > HGPUny,t >0 [8]
HSTmax = HSTiny, 1> 0 [9]

Constraint [7] ensures that the hydrogen supply to the h-GPU remains positive, while constraint [8]
establishes the inventory level of the h-GPU. Similarly, constraint [9] determines the inventory level
of the HST. The simulation generates information on the amount of hydrogen obtained and utilized
from the PV system, HST, and grid for each time frame. In addition, the simulation reports any surplus
energy, which is subsequently used to calculate the revenue generated from selling excess energy in

subsequent scenarios. Table 4.1 provides descriptions of the variables used in the simulation.
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Table 4.1 Flowchart simulation variables

Variables
AHST Ny, t
Dhcpu, t
Enz,t
HGPUinv, ¢
HGPUinv, t+1
HSTinv, t
HSTinv, t+1
HSTmax
PG, H2,t

PG,

PHat

PHsT, t

Ppv, H2, t
Ppv.t
SH2GPU, t

Surplust

4.2. Scenarios

To achieve a comprehensive understanding of the system under investigation and to observe the
impacts of different parameters, it is essential to undertake scenario analyses and evaluate the
consequences of these scenarios. The base case model will be enlarged to achieve this aim with three
additional scenarios. A summary of these scenarios can be found in Table 4.2. Then, a detailed

Description
Difference between HST capacity and HST inventory level in kg at time t
Aircraft hydrogen demand from HGPU in kg at time t
Excess of hydrogen amount in kg at time t
Hydrogen inventory level of HGPU in kg at time t
Hydrogen inventory level of HGPU in kg at time t + 1
HST inventory level in kg at time t
HST inventory level inkgattimet+1
Maximum capacity of HST in kg
Power of hydrogen from grid-supplied to HGPU in kg at time t
Electricity power imported from the grid in kW at time t
Production of hydrogen by PV, HST, and grid in kg at time t
Power of hydrogen from HST supplied to HGPU in kg at time t
Power of hydrogen by PV supplied to HGPU in kg at time t
Generated power by PV in kg at time t
Supply of hydrogen from energy devices for HGPU in kg at time t
Surplus of hydrogen after fulfilling demand in kg at time t

explanation of each scenario is discussed in the next section.
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Table 4.2 Overview of Scenarios

Demand CO2 Tax
Baseline Based On The Current Flight Frequency No
Scenarios
A (Doubled Demand) Based On The Doubled Flight Frequency No
B (CO2 Tax) Based On The Current Flight Frequency Yes

C (Doubled Demand And CO> Tax) Based On The Doubled Flight Frequency Yes

4.2.1. Baseline

The baseline scenario aims to investigate the potential economic advantages of the hydrogen
transition of h-GPU, based on the present annual flights. The base case and all scenarios examine the
selling of surplus energy generated through hydrogen and solar power utilization. By selling the
excess energy, the h-GPU project has the potential to generate revenue that can offset its costs, making
its execution more economically viable (Terlouw et al., 2022). This approach can motivate airport
management to make a comprehensive investment decision by comparing the NPVs of the traditional
GPUs and h-GPU projects.

4.2.2. Scenario A: Doubled Demand

The scenario is developed based on increased demand, a prevalent phenomenon in the aviation
industry. Because of the complex and dynamic environments in airports, fluctuations in flight
schedules are continually subject to changes. Consequently, this scenario examines the impact of an
expanded flight schedule on the NPV of (H)GPU. This scenario investigates the effects of doubling

the current annual flights and projecting this trend into the future years.

4.2.3 Scenario B: Carbon Emission Tax

The third scenario involves the implementation of a CO, tax only for the use of the GPU to consider
the carbon emission costs. Since h-GPU does not emit carbon emissions. This scenario expands on
equation [1], as presented in Section 3.3, by incorporating an additional cost component for carbon
emissions, denoted as, CZ™551°" Given the significant contribution of the aviation industry to GHG
emissions and subsequent climate change, there is a pressing need to reduce emissions through policy
measures such as carbon taxes. Implementing such taxes incentivizes companies and industries to
prioritize sustainability considerations in their decision-making processes (Rijksoverheid, 2021), as
directed by the National Climate Agreement in the Netherlands (Papadis and Tsatsaronis, 2020;
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Rijksoverheid, 2022). Accounting for the costs of carbon emissions is crucial in providing a
comprehensive understanding of the economic impacts of the (H)GPU. (Testa et al., 2014; Padhra,
2018; Zhao et al., 2022). It is crucial to align with the objectives of the Dutch government to promote

net zero emission targets.

4.2.4. Scenario C: Doubled Demand and Carbon Emission Tax

The last scenario under investigation involves examining the impacts of augmenting flight
frequencies through a twofold increase in demand alongside the imposition of a CO> tax on the GPU.
The frequent changes in flight schedules are significant as they indicate the potential realities of the
aviation industry. In addition, implementing a CO tax presents a sustainable pathway to mitigate
carbon emissions, and analyzing its effects on flight demand is critical to inform sustainable policy-

making.
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5. Results

This section established the cost and benefits model of transitioning towards utilizing (H)GPUs at
airports. The analysis begins with an examination of the base case. Thereafter, the results of the three

scenarios will be analyzed, followed by the sensitivity analysis of critical parameters.

5.1 Baseline

In the base case, among other things the sum of the total cost for the traditional GPU and the
transformation for the h-GPU are compared. Additionally, it should be noted that hydrogen supply
chain of GPU is included in this research. The result of the cost assessment is depicted in Figure 5.1.
The analysis shows that the total capital investment required for the h-GPU project is €200.000 which
is higher than the €85,000 required for the d-GPUs project. Additionally, including in the hydrogen
infrastructure equipment, the total capital investment amounts to €1.2 million. The maintenance cost
for h-GPU, and d-GPU are, €32 thousand, and €50 thousand, respectively. Notably, maintenance cost
of the h-GPU is lower than that of the d-GPU, which is consistent with the previous research
conducted by Eefting (2022). When analyzing the operating expenses of the hydrogen supply chain,
it amounts to €5.25 million. Moreover, the cost of energy for the h-GPU is €143 thousand, which is
also higher than the €79 thousand required for the GPU. As a result, the total cost for the transition to
h-GPU is €6.67 million. This expected cost difference has been a factor that has contributed to the

prolonged postponement of the transition toward hydrogen technology.

COE

Maintenance cost

CapEx

€0 €20 €40 €60 €80 €100 €120 €140 €160 €180 €200
Thousands

d-GPU h-GPU

Figure 5.1 Cost Assessment of the d-GPU and h-GPU
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Figure 5.2 illustrates the relative contribution of maintenance cost and COE of GPUs within the
OpEx. The COE accounts for the majority of the OpEx for both the h-GPU (82%) and the d-GPU
(61%). Maintenance cost of the h-GPU corresponds to 18% of the OpEx, while the maintenance cost
of the d-GPU corresponds to 39% of the OpEx. The difference in these cost proportions is primarily
attributable to the higher hydrogen unit cost than diesel unit cost. The findings indicate that while the
h-GPU may have higher energy costs, it requires less maintenance costs during its lifetime than the
GPU.

h-GPU d-GPU

= Maintenance cost COE = Maintenance cost COE

(a) (b)
Figure 5. Portion of maintenance cost and COE within the OpEXx (a: h-GPUs, b: d-GPUs)

The h-GPU project presents an opportunity for the airport to expand its revenue streams beyond
electricity sales by including hydrogen sales. According to the analysis, hydrogen sales account for
46% of the total revenue, with electricity sales accounting for the remaining 54% for the h-GPU. The
annual excess of energy for the h-GPU project is 80 thousand kg. The model indicates a hydrogen
product cost of €5.97 per kg in 2023, decreasing slightly over time. However, the current market price
for selling hydrogen is around €17 per kg, declining at a higher rate than the hydrogen product cost.
As a result, it is essential to note that the revenue generated by hydrogen sales may decrease
throughout the project's lifetime. As depicted in Figure 5.3, from 2035 onwards, the revenues are
insufficient to cover costs, leading to a loss for h-GPU. The total cumulative revenue for the h-GPU
and GPU is €8.3 million and €5.5 million, respectively. h-GPU and GPU are €8.3 million and €5.5
million, respectively.

Although the h-GPU generates more revenue than the GPU, the net present value (NPV) of the h-
GPU is lower than that of the GPU, indicating that the GPU is more economically advantageous.
Specifically, the NPVs of the h-GPU and GPU are approximately €1.2 million and €2.7 million,
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respectively, indicating a difference of 55%. The findings show that hydrogen sales contribute

significantly to the total revenue of the h-GPU project.
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Figure 5.3 Annual Profit of h-GPU and GPU

5.2. Scenario A: Doubled Demand

In this scenario, the frequency of flights has increased, leading to a twofold rise in demand. The cost
of hydrogen production has decreased by 36%, now reaching €3.80 per kg. The increased demand
and the fuel cost per unit influence the energy cost. The GPU has observed a doubling in energy costs,
whereas, for the h-GPU, the increase was only 28%. This indicates that, for energy costs of the h-

GPU, the effect of the increasing demand is partly mitigated by the declining unit cost of hydrogen.

Additionally, the revenue from selling hydrogen also benefits from the decrease in hydrogen costs
per kg and is slightly influenced by a 1% decline in hydrogen excess. This led to revenue generated
from selling hydrogen surging by 50%. The effect of the increasing COE on the total cost is
neglectable, with 1% due to the small portion of the COE in the total cost.

Figure 5.4 depicts the cumulative total costs, total revenues, and present values for the h-GPUs. The
figure reveals that the total costs for the h-GPU have linearly increased, whereas the revenues have

increased at a higher rate than the total cost. However, it can be observed that the increase of revenue
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for the h-GPU slowed down after around 2035; this is due to the decreasing difference between the

hydrogen production cost and the hydrogen selling price throughout the project lifetime.

In contrast, to scenario A, the total revenue generated by the h-GPU is higher than that of the GPU,
amounting to €12.4 million and €5.5 million, respectively. As a result, the NPV of the h-GPU has
increased to €3.2 million, while that of the GPU has marginally decreased by 3% to €2.7 million. The
observed increase in flight frequencies represents a realistic trend, thereby highlighting the likelihood
of these results. The realization of a 22% higher NPV by the h-GPU indicates its potential for market
opportunity in these circumstances.
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GPU and GPU

5.3. Scenario B: Carbon Emission Tax

The third scenario evaluates the effect of implementing a carbon emission tax. In the model, carbon
emission arises due to the diesel consumption of the GPU. The GPU emits 664.84 kg CO> per hour,
meaning the annual carbon emission is 175 thousand kg COy. Currently, in the Netherlands, the
carbon emission tax is €55.94/ton CO> and is estimated to increase annually by €11.55/ton CO,. As
depicted in Figure 5.5, the carbon emission costs increased by implementing an increasing carbon
emission tax, whereas the present value decreased. This led to a four-time increase in the total costs
and a reduction in NPV of 12% for the GPU, reaching €2.4 million.
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In contrast, the NPV for the h-GPU remained at €1.2 million. It means that the difference between
the NPVs has decreased, where the NPV of the GPU is 49% higher than that of the h-GPU. However,

the further change in NPVs with a carbon emission tax and increased demand is elaborated in the

following scenario.
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5.4. Scenario C: Doubled Demand and Carbon Emission Tax
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In the final scenario, the circumstances on the h-GPU are identical to Scenario A, as only the increase

in demand impacts the NPVs. In this case, there is a decrease in unit hydrogen production cost from

€5.97 to €3.80 per kg. A significant increase in total cost with a higher increase in total revenue led

to an increase in NPV to €3.2 million.

However, increasing demand and implementing a carbon emission tax severely affect the total cost

of GPU. Due to increased demand, the cost of energy for the GPU increased. Additionally, due to the

implementation carbon emission tax, the carbon emission costs increased, leading to an increase in

total cost for the GPU.
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Accordingly, as shown in Figure 5.6, the h-GPU has a higher NPV than the GPU in Scenario A and
C, indicating a market opportunity in these cases. Specifically, it can be observed that the difference
between the NPVs is highest in scenario D, at 63%. Additionally, it can be indicated that a carbon
emission tax by governments has a severe impact on NPV when demand is increased compared to
the base scenario's demand. The combined scenario of implementing carbon emission tax and

increased demand show that increasing demand is realistic and provides an opportunity for the airport.
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Figure 5.6 The NPV for h-GPU and GPU for all Scenarios

6. Sensitivity Analysis

Sensitivity analysis has been conducted based on critical parameters such as the price of electricity

used by electrolyzer, diesel price, and carbon emission tax in the results of the base scenario.

6.1. Price of Electricity Used by Electrolyzer

Hydrogen is produced by the electrolyzer using electricity from the PV solar park. Figure 5.7
demonstrates a direct correlation between an increase in the unit cost of electricity derived from the
PV solar park and a corresponding rise in the cost of producing hydrogen, establishing that the cost
of locally generated hydrogen is directly linked to the cost of PV electricity. The results show that the
system under investigation can sufficiently produce hydrogen to meet demand without requiring

additional electricity from the grid since the level of HST is sufficient to meet demand when there is
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no solar energy to produce hydrogen. It is worth noting that the inventory of the HST is refuelled
exclusively with solar energy, which is available when the PV solar park generates electricity.
However, if the system were to require additional hydrogen beyond what can be produced by the PV
solar park, it would need to purchase electricity from the grid, which currently costs 0.495 €/kWh.

This would increase the unit cost of hydrogen.
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Figure 5.7 Sensitivity Analysis on Hydrogen Production Cost per kg

6.2. Diesel Price

The diesel price was assumed to be constant at €1.766/liter in the model. However, the diesel price
can vary due to several factors. Figure 5.8 provides an overview of the impact of a lower and higher
diesel price per liter on the annual profit of the GPU. The results show that as the unit diesel price
increases, the total costs increase correspondently. However, the effect of diesel prices on the annual
profit is minor, as generated revenues balance the rise in energy costs. Consequently, the impact on
the profitability of the GPU is negligible.
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6.3. Carbon Emission Tax

In the Netherlands, the CO; tax is based on the declaration of the Dutch Emission Authority, which
determined that the CO; tax will increase to €11.55/ton CO2 annually. A sensitivity analysis was
performed to assess the impact of a higher annual increase in the CO2tax on the NPV of GPU. Figure
5.8 indicates that as the annual carbon emission tax rate increases, the NPV decreases gradually.
When the yearly increase of the CO> tax per ton increased from €11.55 to €30, the NPV decreased
by 15%. Thus, it can be concluded that the impact of increased CO. tax significantly impacts the NPV
of the GPU.
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7. Discussion

This research aims to evaluate the costs and benefits of transitioning to a h-GPU in the airport. The
cost assessment model is developed based on estimating energy production and consumption in the
simulation model. In this discussion section, the results from the cost assessment and benefits model
will be thoroughly analyzed and interpreted. The outcomes of the base scenario and three different
scenarios will be examined and evaluated to determine the most feasible decision for acquiring a h-
GPU in the airport. Additionally, the results of this study are compared to existing literature and
national and international reports to provide further insights and valuable practical implementation

for the transition to h-GPU in regional airports.

The findings of the study present that the total costs of the h-GPU is more than that of a GPU in all
cases since the capital investment costs of the h-GPU are higher than the GPU. This is caused by the
high infrastructure cost for hydrogen. The result of the study indicates that the operational expenses
are higher for the GPU because of the higher maintenance cost of the GPU, and energy costs are
higher in the h-GPU compared to the GPU. When it comes to the evaluation of the revenues for GPU,
it can be observed that the revenues for the h-GPU are higher than revenues for the GPU since the h-
GPU earns revenue from selling both hydrogen and solar energy. In all scenarios, the NPV for both
h-GPU and GPU is positive, meaning that the returns outweigh the high costs for both h-GPUs. The
NPV of the GPU is higher than that of the h-GPU in the baseline scenario and when the carbon
emission tax is implemented in scenario (B). However, in scenario (A), when the demand is doubled,
and the combining scenario (C), which is based on the doubled demand and considering of carbon
emission tax, the NPV of h-GPU is higher than the GPU. Thus, it suggests that increasing demand
provides a market opportunity for the transition to hydrogen in the airport. However, when the
demand is doubled, the unit cost of hydrogen decreases from €5.97 per kg to €3.80 per kg, increasing
the revenue from selling hydrogen. Because the difference between the current hydrogen market price
of €17 per kg and the unit hydrogen cost will increase as the unit hydrogen production cost decreases,
thus, it provides higher revenues for h-GPU to cover the total costs and to make a higher profit, which
in turn leads to a 22% higher NPV compared to the GPU. Additionally, in scenario (C), the NPV of
the h-GPU has advantages over the d-GPU because the difference between the NPVs of h-GPU and
GPU is further increased to 63% when the carbon emission tax is implemented by the increased
demand.

Testa et al. (2014) examined the reduction in air pollution by using grey hydrogen for the GSEs at
airports. Thus, they conducted a cost analysis on the GPU and h-GPU to evaluate the direct and
indirect emissions for the production and consumption of hydrogen and diesel. This research also

145



found the total cost of the h-GPU as €6.67 million. In alignment with this, Testa et al. (2014) have
predicted the future life cycle costs of the h-GPU as €6.67 million in the next 10-15 years.

Yue et al. (2021) state that at an average electricity cost of €30 per MWh, the hydrogen production
cost is €5.21 per kg. Similarly, in the baseline scenario with an average electricity cost of €29 per
MWh for using solar energy, the hydrogen unit cost was found to be €5.97 per kg, which is higher
than the current hydrogen unit cost of €4 per kg (IRENA, 2022; Janzow, Koch Blank and Tatarenko,
2022). Moreover, it can be observed that the hydrogen unit cost decreased to €3.80 when the demand

increased by double, eventually reaching the hydrogen unit cost of €4 per kg.

Furthermore, Xiang et al. (2021) aimed to minimize the cumulative annual costs for an airport,
including a hydrogen energy system. The study emphasizes that integrating hydrogen, solar park, and
hydrogen storage tank technologies presents a promising solution for the energy requirements of
future airports. This cost-effective and eco-friendly solution reduces annual energy costs and GHG
emissions. In contrast with this study, this study specifically focuses on evaluating the costs for the
h-GPU and GPU. As a result, although its net present value is lower than that of the GPU in the
baseline scenario, the h-GPU can be considered a cost-effective alternative compared to the GPU
considering the combined scenario, which applies carbon tax and demand increase.

This study highlights the surplus energy of hydrogen and electricity and the potential for revenue
generation due to moderate operational hours and energy consumption. In the baseline scenario, the
yearly hydrogen excess is about 80 thousand kg. Groningen has twenty hydrogen buses
(Rijksoverheid, 2019) with a capacity of 37 kg (Shell, 2021). These buses could refuel 108 times a

year at the refuel station of the airport, providing a revenue stream for the airport.

The simulation model assumes that no energy is lost when electricity is transported between the
energy devices. Because the solar park, hydrogen storage, electrolyzer, and fuel cell can change power
via autonomous distributed control systems that rely on direct current (DC)(Xiang et al., 2021).
Energy losses of about 1% may occur when electricity is transmitted through appropriate cables of
specific applications (Vaicys et al., 2022; thus, this loss is not considered in the model.

The sensitivity analysis showed that the hydrogen unit cost is sensitive to changes in the electricity
cost of the PV, which is in line with Xiang et al. (2021). When the model requires grid electricity to
produce hydrogen, the hydrogen unit cost will be higher than the baseline scenario. For example,
when 10% of demand is supplied by the grid, the hydrogen unit cost will increase from €5.97 to €7.96
per kg. Subsequently, this will lead to a negative NPV of €974 thousand, meaning that the total
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revenues will not be able to outweigh the total costs for the h-GPU. In such a case, importing the

deficient hydrogen from outside suppliers would be more cost-efficient.

Additionally, a sensitivity analysis is conducted on the diesel price. The diesel price appears to impact
the total costs significantly. Still, as generated revenues balance the rise in energy costs, the impact
on the annual profit is neglectable for the regional airport. This aligns with a survey conducted by
Shell, where decision-makers from the construction and fleet industries indicated that operating costs
would decrease by at least 10% per month when fuel is managed more effectively (Shell, no date).
This emphasizes the significant effect of the energy cost on the total costs for both the unit cost of

hydrogen and diesel.

Moreover, the system is highly sensitive to changes in carbon emission tax. As the CO. tax increases,
the NPV of the GPU significantly increases, which is in accordance with research by Xiang et al.
(2021). When the demand is increased, and there is a carbon emission tax, the influence of a carbon
emission tax results in a lower net present value for the GPU compared to theh-h-GPU. Which

provides a market opportunity for the h-GPU.

7.1. Scalability

The results of this study apply to (regional) airports that possess specific characteristics, such as the
availability of land to install a solar park of 21MW capacity requiring 20 hectares (Groenleven, no
date). Moreover, there should be a local demand for hydrogen to generate revenue from excess
energy, and the airport should have the potential to serve as a regional hydrogen hub. Groningen
Airport Eelde is part of the Hydrogen Valley, which benefits from the built ecosystem. The Hydrogen
Valley focuses on the large-scale production of green hydrogen and the storage, transport, and

distribution of hydrogen (New Energy Coalition, no date).

Furthermore, managers at larger airports must consider the substantial demand for hydrogen due to
more scheduled flights. Due to the higher demand, the hydrogen unit cost will decrease, providing an
opportunity for larger airports. Additionally, the development of a hydrogen hub in the surrounding
region of the airport will benefit the airport. For instance, in the future, the Port of Rotterdam can

become a hydrogen trade hub (IRENA, 2022) and might support energy demand at Schiphol airport

Additionally, it should be noted that this study's outcomes only apply to foreign airports situated in
regions with favorable conditions for utilizing solar energy. Installing a solar park may not be
practical or cost-effective in some locations, and implementing a wind park may be more

advantageous (IRENA, 2022). Additionally, diesel, electricity, and hydrogen prices may vary across
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countries due to different policies and regulations. As a result, the cost evaluation of foreign airports

may not be fully aligned with the results presented in this study.

7.2. Opportunities

For regional airports, implementing hydrogen provides the potential to become hydrogen trade hubs
in their respective regions. By economics of scale, the unit cost per kg hydrogen will decrease to €4
per kg and align with industrial expectations (IRENA, 2022; Janzow, Koch Blank and Tatarenko,
2022), as shown in scenario A, where the demand was doubled. Moreover, the airports could benefit
from transforming more ground support equipment to hydrogen to reduce hydrogen unit costs by the

economics of scale.

As the technology for hydrogen infrastructure advances, investment costs are expected to decline. For
example, a combination of lower electricity costs, reduced capital expenditure on electrolyzer,
increased efficiency, and optimized electrolyzer operation can reduce green hydrogen production
costs by up to 85% in the long term (IRENA, 2022). Moreover, additional revenue could be realized

by commercializing oxygen, a byproduct of hydrogen production.

In addition, new sustainable energy solutions, such as hydrogen solar panels, are being developed and
will continue to drive down costs in the future. A hydrogen solar panel is designed to efficiently
convert atmospheric water vapor directly into green hydrogen (H2 Platform, 2022). These significant
investments are expected to be funded by government institutions, as there is still a lack of clear
business plans. Governments could also encourage investment in sustainability through tax incentives
or subsidies, which is essential for decision-making (Schrotenboer et al., 2022). For instance, in the
Netherlands, there is a tax incentive for investments that replace fossil fuels (IRENA, 2020).

Furthermore, nations like the United Arab Emirates are investing substantially in green energy,
intending to become leading global suppliers (IRENA, 2022). This presents an opportunity for
airports which are unable to produce green hydrogen locally to consider importing as a cost-effective

alternative.

7.3. Barriers

As the literature review highlights, the high investment costs are the primary factor behind the slow
adoption of hydrogen technology. But, the transition towards h-GPU has a benefit on the operational
costs because of lower maintenance costs of the h-GPU compared to GPU. Most of the total costs are
attributed to capital and operating expenditures. This indicates that the cost difference between the h-

GPU and GPU is primarily driven by the high investment costs associated with the hydrogen
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infrastructure. Additionally, the relatively high price of hydrogen compared to diesel further

contributes to the cost difference between the two vehicles.

Investing in hydrogen, particularly h-GPUs, aims to reduce the carbon footprint and mitigate the
environmental impacts. The process of converting hydrogen back to electricity results in the release
of water, which may be considered wasteful, especially in regions where water scarcity is a significant
concern. The consequences of this water usage and its impact on the costs must be regarded as it
might increase the cost difference between the h-GPUs. Furthermore, the model assumed that PV-
generated energy was directly connected to the electrolyzer. However, aviation regulations prohibit
such a direct connection, and the solar energy must be converted to the national grid before being
connected to the electrolyzer. This results in more conversion losses and raises questions about the
carbon footprint of the hydrogen energy obtained from the PV system and its impact on the overall
costs for the h-GPU.

Moreover, the lack of familiarity with hydrogen technology and regulations has led to restrictions on
refueling h-GPUs, near aircraft to mitigate potential hazards. Therefore, h-GPU losses time and
energy by riding to the refuel station. Stakeholders are investing in hydrogen research with the
expectation that the outcomes will lead to lifting restrictions in the future. However, research about
cost comparisons between hydrogen and diesel GSEs has been discouraged by some stakeholders
because they do not see value in a study in which they could predict that hydrogen would remain
more expensive (Kolk, 2023). Additionally, it was revealed that employees at Schiphol Airport faced
challenges in adapting to novel technologies and control panels of new vehicles (Kolk, 2023). This
resulted in a reluctance to transition away from older equipment (Kolk, 2023), ultimately renderng
the investment in the contact stand and e-GPU financially unfeasible.

7.4. Implications

Based on the results and analysis of the opportunities and barriers associated with implementing
hydrogen technology at airports, particularly the h-GPU, several practical recommendations can be
made to local and public government agencies, policymakers, and airport managers. These
recommendations will play a crucial role in furthering the development and implementation of

hydrogen technology at airports.

Initially, it is imperative for government entities to invest in technological advancements in hydrogen

to reduce the high investment costs associated with this technology. Governments can support these
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investments by implementing tax incentives, subsidies, loans, and grant programs. This will not only

promote investment in RES but also support the attainment of decarbonization goals (IRENA, 2020).

Airport managers also have an essential role in fostering the adoption of technological advancements
in the airport industry. By providing employee training programs, airport managers can equip them
with the necessary skills and knowledge to effectively embrace technological changes in their work

environment.

Finally, new regulations must be established to ensure the generated hydrogen is carbon-neutral and
minimize conversion loss. These regulations should facilitate the direct connection of solar energy to

the electrolyzer, contributing to the attainment of net-zero emissions objectives at airports.
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8. Conclusion

The objective of this study was to examine the transition to hydrogen energy at airports, with a focus
on evaluating the economic feasibility of implementing a h-GPU compared to a traditional GPU. To
achieve this purpose, a cost analysis was conducted using a simulation model to determine the energy
consumption and distribution costs. The simulation model is developed by considering the energy
demands of aircrafts and the potential for solar and grid energy generation to produce hydrogen on
an hourly basis. The baseline and the three scenarios were analyzed to examine the variations and
indicate impact on the comparison between the GPUs and h-GPUs. In order to observe effects of the
key factors which are electricity price, carbon tax and diesel price changes on the profit of h-GPUs,

sensitivity analyses was carried out.

The results showed that in the baseline scenario, the GPU has a higher NPV comparing with the h-
GPU. However when demand is doubled, in scenario A, the transition to h-GPU creates a market
opportunity as the NPV of h-GPU surpasses the NPV of the GPU. Additionally, the economic
feasibility of the h-GPU further increases in the combined scenario when demand is doubled and a
carbon emission tax is implemented, where the NPV of the h-GPU becomes 63% higher than that of
the GPU. The unit cost of hydrogen drops from €5.97/kg to €3.80/kg, with an increase in NPV for h-
GPU. The cost for the GPU increases due to the implementation of the carbon emission, causing for
a lower NPV. Additionally, the sensitivity analysis of the carbon emission tax revealed a significant
impact on the total cost of the GPU. Furthermore, the sensitivity analysis demonstrates a direct
correlation between an increase in the unit cost of electricity derived from the PV solar park and a
corresponding rise in the cost of producing hydrogen. Finally, sensitivity analysis of diesel price
shows that an change in diesel price has a significant impact on the total cost of the GPU.

As a conclusion, it can be said that the implementing a h-GPU at a regional airport has a market
opportunity when considering increased demand and emission cost. Therefore, to achieve
decarbonization targets, it will be economically feasible to transition to h-GPU for regional airports

when demand increases.

This study has some limitations that could be addressed in future research to enhance the realism of
the model. Because, the model was subject to certain simplification as a result of time limitations.
Specifically, one of the limitation of this study is that the demand of h-GPU will consider the current
flight schedule throughout a 25-year period. Therefore, scenario A where the demand increases has
been developed. In this study, real data were used, but since there are not many studies in the
literature, the data collection stage can be considered as one of the limitations of the study.
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Moreover, the model operates on the assumption of a static selling price of €0.01 per kWh and a fixed
purchase price. While, in reality the cost of electricity can vary hourly. Refuelling strategies and a
scenario analysis incorporating PV outages and energy distribution loss could also be considered.
Furthermore, additional GSEs applicable to convert to hydrogen, such as an aircraft tractor and de-

icing vehicle, could be incorporated to the model to provide economic of scale at the airport.
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Appendix C. Stakeholder Collaboration in an Airport Hydrogen Ecosystem: Investigation of
Barriers and Design Advice- Case study at Groningen Airport Eelde

Abstract

Research problem and objective: Hydrogen is a promising energy vector that can reduce airport

emissions. However, many barriers impede the commercialization and adoption of hydrogen
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technology. Stakeholder involvement is critical in developing a local hydrogen ecosystem because
stakeholders are needed to provide technologies and establish demand. Nevertheless, stakeholders
often have conflicting objectives that airports should manage. This paper aims to investigate
stakeholder roles, expectations, and barriers. Moreover, the paper provides design advice for

managers and policymakers.

Method: A case study at Groningen Airport Eelde is carried out. Sixteen industry experts are

interviewed to explore in-depth insights into a hydrogen airport ecosystem.

Results: The paper identified diverse economic, technical, political, social & environmental barriers
that impede hydrogen development and deployment. Stakeholder experience uncertainties, but the
future is promising. Furthermore, social acceptance is controversial, but sustainability practices and
appropriate communication help to gain support. The paper contributes to a better understanding of
the challenges to overcome to develop and deploy an airport hydrogen ecosystem.

Conclusion: Hydrogen cannot compete with fossil fuels, but this is expected to change by 2040.
Moreover, hydrogen has notable advantages for airports and their stakeholders. This paper provides
practitioners with guidance for designing an airport hydrogen ecosystem. Moreover, the paper can
contribute to developing infrastructure and policy plans. It is challenging to realize a feasible business
model. Therefore, government support is essential to foster market development and mitigate

uncertainty.
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1. Introduction

Combatting climate change requires decarbonization of the global energy system. The objective of
the Paris Agreement is to limit the increase of the global average temperature below 2 degrees Celsius.
Therefore, rapid emission reduction is needed to achieve net-zero goals in the second half of the
century (United Nations, 2015). A transformation of energy vectors and industrial practices is
required. The transport sector plays a crucial role in reaching a low-carbon society. The prediction is
that the aviation sector will grow faster than other sectors’ average growth. Moreover, the aviation
sector relies heavily on fossil fuels (European Commission, 2017). Consequently, it is challenging to

achieve zero-emission targets.

Ground support equipment (GSE) accounts for a significant share of airport emissions (Nambisan et
al., 2000; Schiarmann et al., 2007). GSE is used to service airport ground handling. There are various
kinds of GSE, such as ground power units (GPUs) and refueling trucks (Baroutaji et al., 2019).
Electrification of final energy demand and decarbonization of power supply is crucial to achieving
zero-emission goals. This is especially true for the transportation industry (Fragkos et al., 2017).
Hydrogen can be used to realize this because hydrogen fuel cells can generate electricity to power
equipment. In addition, hydrogen is suitable for storing renewable energy (Zhang et al., 2016), and
its high power density is an advantage to power equipment. Hydrogen and fuel cell technology are
suitable for various kinds of GSE. Therefore, hydrogen can be the future of energy supply in the
aviation industry. However, significant challenges limit the adoption of hydrogen technology
(Baroutaji et al., 2019).

Developed countries explore sustainable and efficient pathways to realize zero carbon footprint
through the hydrogen economy. A hydrogen economy can be attained through the large-scale
integration of renewable energies and intermittent power generation with the production of green
hydrogen (Nazir et al., 2020). There is increasing interest in improving the air quality around airports.
Fuel cell devices have potential in different GSE applications, such as shuttles and refueling trucks
(Staffell et al., 2019). Furthermore, fuel cells are suitable to power other transport vehicles. In Tokyo,
some of the passenger buses between Tokyo center and Tokyo airport are hydrogen fuel cell or battery
hybrid driven (Toyota, 2011).

Stakeholder involvement is crucial in addressing the environmental sustainability of airports (Greer
et al., 2020). This study focuses on the landside part. Integrating hydrogen into the energy system
might be disruptive for established stakeholders. New parties enter the market, and current business
models and stakeholder roles are challenged. However, stakeholder engagement and consensus are
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essential in the development of the market (Schlund et al., 2022). Barke et al. (2020) investigated
socioeconomic sustainability in aviation, especially for aircraft. Stakeholder groups, like airlines and
airport operators, often have diverging preferences and objectives. These conflicting objectives can
make it challenging to develop sustainable aircraft systems (Barke et al., 2020). Research about
stakeholders and the sustainability of the landside component is lacking. This is especially true for

stakeholders in an airport hydrogen ecosystem.

An airport can be a focal firm and facilitator in developing a local hydrogen ecosystem. However,
this role should be further explored (Hoelzen et al., 2022). Xiang et al. (2021) state that an airport can
generate electricity independent of the grid with a hydrogen-solar-storage integrated energy system.
Kamphuis (2022) identified stakeholder categories, opportunities, and barriers to implementing an
airport hydrogen energy system. However, more in-depth and extended stakeholder analysis is needed
to gain further deployment insights (Kamphuis, 2022). For small airports, demand from nearby
industries is essential for the feasibility of the ecosystem (Eefting, 2022). The development of
hydrogen energy systems is in its infancy stage. Many barriers hinder the commercialization and
large-scale application of hydrogen technologies (Wu et al., 2022). This paper will focus on hydrogen
development and commercialization at the landside airport component. Therefore, the report aims to

answer the following research questions:

What are stakeholder cooperation possibilities and expectations for an airport hydrogen ecosystem?

What are the barriers and design recommendations?

A case study at Groningen Airport Eelde will answer these questions. This is a small airport in the
north of the Netherlands. The airport is in the middle of Europe’s first Hydrogen Valley, also called
the HEAVENN project. The airport focuses on sustainability and develops a hydrogen ecosystem
(Groningen Airport Eelde, 2022; HEAVENN, 2022). Industry experts will be interviewed to gain

insights into collaboration possibilities, expectations, and barriers.

The paper contributes to the literature about stakeholders and sustainability of the landside airport
component, especially regarding stakeholders in an airport hydrogen ecosystem. Also, the results give
more insights into airport net-zero hydrogen practices. These insights contribute to a better
understanding of hydrogen application and demand creation at small airports. Hydrogen demand is
low in the current early transition stage. Therefore, collaboration with regional industries and
institutions is essential to create demand and make the transition economically feasible. Furthermore,
the paper provides learning points and design recommendations for airport managers, policymakers,

and stakeholders. This can support them in the transition to a hydrogen ecosystem.
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The paper is structured in the following way: Section two reviews the current literature. Section three
explains the methodology used in this research. Section four will show the results. Section five
provides a discussion of the results. Finally, the paper concludes in section six.

2. Literature review

In this section, the existing literature will be reviewed. First, hydrogen and its supply chain are
explained. After that, the relevant airport applications are illustrated. Then follows further explanation
about stakeholders and barriers inhibiting hydrogen deployment. Finally, the section concludes with

the contributions of this paper.

Hydrogen is a promising element to meet sustainable future energy demand (Elam et al., 2003)
because hydrogen applications can mitigate the global temperature increase. Hydrogen is an essential
component in the energy transition as a feedstock and an energy carrier (EI-Emam & Khamis, 2019).
Due to its carbon-free nature and high energy content, hydrogen is considered an eco-friendly
alternative to fossil fuels (DeLuchi, 1989; Ellabban et al., 2014; Momirlan & Veziroglu, 2005).
Hydrogen can be used in different ways. Therefore, it can fulfill the market needs regarding renewable
energy sources. Moreover, it can reduce annual CO2 emissions, and hydrogen technology can create
30 million new jobs in 2050 (Mathiesen et al., 2015). For example, hydrogen can power over 400
million cars, 15-20 million trucks, and 5 million buses by 2050. This is 20-25% of the transport and
shipping industry (Mostafaeipour et al., 2016). However, a lot needs to be done to achieve a developed
hydrogen economy. Well-established hydrogen energy systems based on sustainable resources,
production methods, and end-use options, including storage and distribution, are required.
Commercial hydrogen economies are essential for reducing global warming. However, current
research revealed various limitations regarding the feasibility of hydrogen production and
applications. Some examples are storage complications and expensive production (Qyyum et al.,
2021).

2.1 Hydrogen Supply Chain

Hydrogen production can occur at large centralized or small decentralized facilities (Hoelzen et al.,
2022). The advantage of decentralized onsite production is that it reduces transportation problems (Li
et al., 2020). The fundamental hydrogen infrastructure includes production, storage, delivery, and
end-use applications (DOE, 2002). There are different pathways and sources to produce hydrogen,
carbon sources such as gas and coal, renewable sources such as water and biomass, and nuclear

sources (Qyyum et al., 2021). Currently, hydrogen is mainly produced from fossil fuels, which is not
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sustainable and is called grey hydrogen (Zhang et al., 2016). Renewable sources include biomass
processing, biofuel reforming, water electrolysis, and thermochemical cycles (Hydrogen Production
Processes, 2021). Electrolysis is the essential carbon-neutral technique used in most sustainable
hydrogen production. However, electrolysis is more expensive and complex than the other techniques

mentioned (Qyyum et al., 2021).

A developed hydrogen economy requires cost-effective transmission and distribution. Challenges
occur due to low density, high diffusivity, and safety issues. Different options for hydrogen
transmission and distribution include compressed gaseous hydrogen trailers (CGH2), liquefied
hydrogen trucks (LH2), liquid organic hydrogen carriers (LOHC), and pipelines. The economic
feasibility of the transport and storage option depends on volumes and delivery distances. Significant
capital investments are required to develop distribution infrastructures (Qyyum et al., 2021). Storage
terminals are vital in the network because they buffer against demand and seasonal fluctuations. The
transportation method depends on the form of hydrogen and whether production is centralized or
decentralized. Liquid hydrogen can be transported on trucks, trains, or ships. Gaseous hydrogen can
be transported with pipelines, tube trailers, or railway tube wagons (Li et al., 2020). Transport of
liquid hydrogen is less expensive per volume than gaseous hydrogen. However, high liquefication
costs make liquid hydrogen only feasible for medium-order quantities and long-distance scenarios
(Yang et al., 2006).

Hydrogen can be used in various ways, for example, as a feedstock to replace current fossil fuels and
for heating in buildings and industry (Detz et al., 2019). Moreover, fuel cells can power cars and are
promising for heavy transport and public transportation (IEA, 2015; Navas-Anguita et al., 2020). Fuel
cells are needed to convert the hydrogen energy for end-use chemically. Electricity generation in a
fuel cell is a promising method because of its high efficiency, low to zero emissions, scalability,
durability, and quiet operation (Das et al., 2017). Several fuel cells have been developed for a variety
of applications. However, some issues must be solved before fuel cells can effectively replace current
applications. These challenges include cost reduction, increased durability and reliability, material

safety, convenient system sizes, and improved heat recovery systems (Qyyum et al., 2021).
2.2. Airport applications

This paragraph will discuss the application of hydrogen technology at airports. Hydrogen is
considered the future of energy generation in the aviation industry. There are various potential
aviation applications where hydrogen and fuel cell technology can be used (Baroutaji et al., 2019).

Fuel cells can generate electricity to power equipment, and hydrogen is suitable for storing green
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energy (Zhang et al., 2016). Moreover, the high power density of hydrogen is an advantage to
powering heavy airport equipment (Baroutaji et al., 2019). Xiang et al. (2021) investigated a
hydrogen-solar-storage integrated energy system for airport electrification. Their case studies found
hydrogen integration's economic, technical, and environmental benefits. The findings show a total
annual cost decrease of 41.6% and an emission reduction of 67.29%. Moreover, the proposed system

provides long-term economic and environmental benefits in the project lifecycle.

Fuel cell devices have received attention due to their potential to power Ground Support Equipment
(GSE) and other vehicles operating at airports (Staffell et al., 2019). GSE is used to service airport
ground operations. Airports have various types of GSE, such as ground power units (GPUs), refueling
trucks, passenger shuttles, the air start unit of the engine, air conditioning units, cargo loaders,
baggage tractors, pushback trucks, and trolleys (Baroutaji et al., 2019). GSE is a source of pollution
at airports and their surroundings. Conventionally GSE is powered by diesel engines. Fuel cell electric
vehicles (FCEV) can achieve pollution reduction. Research shows that emissions can be reduced by
25-50%, depending on the equipment's power level. These emissions can be further reduced by
employing renewable energy sources (Testa et al., 2014).

The Department of Energy in the USA announced that 250 million US dollars would be used to
deploy fuel cells for baggage vehicles at airports (DOE, 2012). Medium-size fuel cell-powered
forklifts have been tested in airports such as Toronto, Pearson, Hamburg, and Munich (McConnell,
2010). Fuel cells can operate for more than eight hours without refueling, which is an advantage over
traditional batteries (Fuel Cells Bull, 2015).

2.3. Stakeholders

This paragraph will elaborate on stakeholder involvement. Stakeholder involvement is essential to
enhance the environmental sustainability of an airport. Historically, an airport's airside and landside
components have been managed by different stakeholders (Greer et al., 2020). In particular, for small
airports, demand from nearby industries is essential for the economic feasibility of the ecosystem
(Eefting, 2022). Furthermore, the role of an airport as a focal firm and facilitator of a local hydrogen

ecosystem should be further investigated (Hoelzen et al., 2022).

The growth of the hydrogen market is in a critical phase, which requires the engagement and
coordination of many heterogeneous stakeholders. Schlund et al. (2022) carried out a stakeholder
analysis of the German hydrogen market. The findings reveal stakeholder motives relevant to

developing an airport hydrogen ecosystem. Integration of hydrogen into the energy system could have
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a disruptive impact on established stakeholders. Business models are questioned, and new
stakeholders enter the market. This creates new partnerships among potential stakeholders and causes
new conflicts. As a result, uncertainty among potential stakeholders in the future hydrogen market is
high. However, engagement and consensus are essential in market development (Schlund et al.,
2022).

Barke et al. (2020) analyzed socioeconomic sustainability in aviation, specifically for aircraft.
Evaluating novel and renewable aircraft systems requires the assessment of various sustainability
indicators and considering different stakeholder groups. Stakeholder groups, like airlines and airport
operators, often have diverging preferences and objectives. These conflicting objectives can make it
challenging to derive recommendations for developing sustainable aircraft systems. Therefore,
airports should find ways to deal with the contradictory objectives of stakeholders (Barke et al., 2020).

However, research about stakeholders and the sustainability of the landside component is lacking.

Previous research identified relevant stakeholders for the hydrogen industry. Enevoldsen et al. (2014)
classified stakeholders. They categorized ten groups of stakeholders for the Danish hydrogen
electrolysis industry. A stakeholder analysis of the hydrogen market in Germany derived 49
stakeholder groups (Schlund et al., 2022). Kamphuis (2022) analyzed stakeholders for an airport
hydrogen ecosystem. Combined with the studies of Enevoldsen et al. (2014) and Schlund et al. (2022),
21 stakeholder categories for an airport hydrogen ecosystem are derived (Kamphuis, 2022). However,
transformation to new technology and infrastructure often provokes protests from the population.
Therefore, it is crucial to understand societal positions and conflicts to achieve social acceptance
(Glanz & Schonauer, 2021). Therefore, this paper will also include the civilians around the airport.

The stakeholder categories used for this paper can be found in table 3.1.

2.4. Barriers inhibiting hydrogen deployment

Many barriers hinder hydrogen application and commercialization. This paragraph will elaborate on
that topic. According to Shakeel et al. (2017), commercializing renewable energy technology requires
a mix of technical, market, and regulatory factors. If one of those is missing, adopting a technology
becomes difficult. In addition, Kamphuis (2022) identified barriers that impede the development and
deployment of an airport hydrogen energy system. These barriers are high capital investments, the

need for more trained and qualified employees, and the shortage of safety codes and standards.

There are different ways to distinguish conflicting criteria and barriers. According to Ahmad et al.
(2021), criteria can be grouped into social, environmental, economic, and technical categories. Rosso
et al. (2014) distinguish environmental, economic, technical, and socio-politic aspects. Wu et al.
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(2022) distinguish four types of barriers: economic, technological, policy, environmental & social.
Some examples of barriers will be summed up. Economic barriers include high initial investment
costs, high conversion costs, and carbon tax. Technological barriers include immature technology,
low energy conversion efficiency, lack of professionals, and hydrogen safety. Policy barriers include
a lack of regulations and standards, incomplete subsidy mechanisms, complicated regulatory
procedures, and a lack of demonstration projects. Environment and social barriers include pollution
in hydrogen production, limited financing channels, and social acceptance. Eliminating or reducing
the different barriers contributes to the large-scale application (Wu et al., 2022). So, hydrogen energy
systems face several barriers that must be conquered to make hydrogen a competitive energy carrier
(Elam et al., 2003).

2.5. Contributions

This chapter covered the relevant literature about a hydrogen airport ecosystem and its stakeholders.
Table. 2.1 shows that several studies have been done about the hydrogen supply chain and hydrogen
aviation applications. There are various ways to produce and deploy hydrogen. Since hydrogen is
promising for GSE (Baroutaji et al., 2019; Staffell et al., 2019; Testa et al., 2014), this paper will
focus on the landside airport component. Table 2.1 shows that several studies about stakeholders have
been done. However, these studies are not about the landside stakeholders in an airport hydrogen
ecosystem. This research explores potential stakeholder roles and barriers inhibiting hydrogen
deployment. The role of an airport in developing a local hydrogen ecosystem should be further
investigated (Hoelzen et al., 2022). Stakeholder involvement is essential (Greer et al., 2020) but

challenging due to conflicts and changing business models (Schlund et al., 2022).

Nowadays, many barriers hinder the commercialization and application of hydrogen technologies
(Wu et al., 2022). Kamphuis (2022) identified stakeholders, barriers, and opportunities for deploying
an airport hydrogen energy system. Table 2.1 shows that various papers found barriers and
opportunities for hydrogen deployment, but only some case studies have been conducted. Case studies
can provide in-depth exploration in real life context (Karlsson, 2016). Therefore, this paper will
perform an in-depth stakeholder analysis, including society’s views, which is essential to achieve
social acceptance (Glanz & Schoénauer, 2021). The results will give insights into the development of
an airport hydrogen ecosystem. Moreover, the paper provides learning points and design advice for

airport managers, policymakers, and stakeholders.

Table 2.1 Overview of topics investigated by previous studies
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Hydrogen

Supply Barriers and | Case
Chain GSE |Aviation | Stakeholders | opportunities | study
Article
Barke et al., 2020 v v
Baroutaij et al., 2019 v v v
Greer et al., 2020 v v v
Hoelzen et al., 2022 v v v
Nazir et al., 2020 v v
Qyyum et al., 2021 v v
Schlund et al., 2022 v v v
Staffel et al., 2019 v v v
Testa et al., 2014 v
Wau et al., 2022 v v
Xiang et al., 2021 v v v
Glanz & Schonauer,
2021 v

3. Methodology

In this section, the research methodology will be justified and explained.

3.1. Research design

This paper provides a stakeholder analysis for Groningen Airport Eelde. It explores stakeholder
collaboration possibilities and expectations for an airport hydrogen ecosystem. Literature states that
an airport can be a facilitator for developing a local hydrogen energy system (Hoelzen et al., 2022),
and stakeholder involvement is crucial (Greer et al., 2020). There are various potential aviation
applications where hydrogen and fuel cell technology can be used (Baroutaji et al., 2019). However,
many barriers hinder the commercialization and large-scale application of hydrogen technologies.
These barriers can be categorized as economic, technological, policy, environmental & social (Wu et
al., 2022). First, this paper will explore stakeholder roles and expectations for an airport hydrogen

energy system. Second, it will identify barriers and derive design advice for hydrogen deployment.

Therefore, the report aims to answer the following research questions:
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What are stakeholder cooperation possibilities and expectations for an airport hydrogen ecosystem?

What are the barriers and design recommendations?

A case study at Groningen Airport Eelde will answer these questions. This is a small airport in the
North of the Netherlands. Here a hydrogen-solar-storage integrated energy system for airport
electrification will be developed. Sixteen semi-structured interviews with representatives from
different stakeholder categories will be held. The representatives have the expertise and represent a
company or a government organization. Twenty-two stakeholder categories (see table 2) for an airport
hydrogen ecosystem are derived from earlier studies (Enevoldsen et al., 2014; Glanz & Schénauer,
2021; Kamphuis, 2022; Schlund et al., 2022). The interview protocols can be found in Appendix B.
Two protocols are used, one for businesses and one for organizations representing society. This is

because society has other interests and less knowledge about hydrogen.

The research follows a single case study approach. The development of an airport hydrogen
ecosystem is novel. Moreover, large-scale hydrogen deployment is immature. Therefore, the study is
explorative and aims to build theory (Karlsson, 2016). A case study is highly appropriate because it
implies a contemporary phenomenon in real life context. Moreover, there is a small theoretical basis
(Yin, 2018). The phenomenon will be studied in a natural setting, increasing practitioner validity.

Furthermore, a single case study allows for an in-depth exploration (Karlsson, 2016).

Table 3.1 Stakeholder categories and their definitions (Enevoldsen et al., 2014; Glanz & Schonauer,
2021; Kamphuis, 2022; Schlund et al., 2022)
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Stakeholder

Definition

Airport

The airport as an infrastructure provider

Airlines

The airlines can be hydrogen consumers

Electricity TSO and DSO

Electricity transmission and distributor systems companies

Electricity utilities

Utilities along the electricity value chain who perform different
activities along the electricity value chain (excluding municipal
utilities)

Energy cooperatives

Cooperatives such as civil wind farms or other energy cooperatives

Energy service companies

Providers of a wide range of energy solutions, for instance, planning
or engineering power generation and energy supply (not part of the
value chain)

Ground handling companies

Ground handling refers to a range of services on the ground

GSE maintenance companies

Providers that perform GSE maintenance

Hydrogen exchange

Hydrogen exchange, could be integrated into existing energy
exchanges

Hydrogen technology provider

Manufacturers and providers of special equipment for hydrogen
technologies. Independent of the value chain (for example, fuel
cells, storage equipment, electrolyzers, compressors, pipelines, and
liquefaction plants)

Natural gas industry

Natural gas industry in the broad sense (for example. gas
exploration, extraction, import, and trading)

NGOs, civil society, and trade
groups

Stakeholders opposing or promoting the electricity industry toward
collaboration with the hydrogen industry

Gas TSO and DSO

Gas transmission and distributor systems operators

Politics

European/ Federal/ State/ Local politics. It also includes targeted
policies (for example, climate policy, regulation, and development

policy)

Project developers

Project developers as service providers (for example, developers of
renewable energy projects)

Public companies

Public companies are companies in whole or majority state
ownership. They often have the purpose of regional promotion of
social or economic areas

RES plant operators

Operators of renewable energy plants such as photovoltaic, hydro,
wind, and biomass

Research and development

Private and public research organizations, such as universities

Storage operator

Operators of the hydrogen storage facilities

Industrial sector

The industrial sector can be a hydrogen consumer

Transport sector

The transport sector can be a hydrogen consumer

Society

People living around the airport and associations of people
representing residents
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3.2. Case and interviewee selection

Groningen Airport Eelde has the ambition to become Europe’s most sustainable airport. The airport
is in the middle of Europe’s first Hydrogen Valley, also called the HEAVENN project. The
HEAVENN project started in the Northern Netherlands to show the techno-economic feasibility and
environmental advantage of deploying a hydrogen energy system (HEAVENN, 2022). The airport
develops a full-scale hydrogen ecosystem involving the production of green hydrogen, distribution,
and utilization. An existing 22MW solar park with 63.00 solar panels is located at the airport. The
electrolyzer will produce green hydrogen, and a hydrogen refueling station will enable hydrogen on
and off-site distribution. Furthermore, the airport strongly focuses on innovation, sustainability, and
education. An example is the developing electric flying infrastructure (Groningen Airport Eelde,
2022).

Interviewees are selected from various backgrounds and stakeholder categories, contributing to the
study’s validity and data triangulation (Karlsson, 2016). For example, stakeholders can be hydrogen
fuel cell equipment manufacturers, fuel station operators, government representatives, society

representatives, and other parties in the hydrogen supply chain and energy sector.

3.3. Data collection

Semi-structured interviews will be held in November and December of 2022. An overview of the
interviewees can be found in table 3.2. The interview questions (Appendix B) consist of open-ended
and follow-up questions that encourage interviewees to provide more detailed answers (Adams,
2015). The interviews were recorded and transcribed shortly after they took place to ensure sufficient
memory of the interview. In addition, company visits, presentations, emails, websites, and company
documents gather complementary data. This contributes to validity and secures data triangulation
(Karlsson, 2016; Yin, 2018).

3.4. Data analysis

The interviews were analyzed and coded using Atlas.ti. The transcripts can be found in the appendix.
Codes were both based on theory and data. Data reduction is done by only assigning codes to relevant
data for this research. First-order codes emerged during data analysis. These initial codes are reduced
and refined by merging codes with the same meanings. Second-order codes are based on grouped
first-order codes and concepts from literature, such as different barriers. In the last step, these codes
were aggregated into dimensions (Karlsson, 2016). Finally, 57 initial codes emerged, followed by 11

second-order codes and two dimensions.
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4. Results

In this section, the findings of the analyzed interviews will be presented. The structure will follow the
coding trees displayed in Tables 4.1 and 4.2. Coding trees with example quotes and quantities can be
found in Appendix A.

Table 4.1 Coding tree 1

First order code Second order code Dimension
Current hydrogen role
Current renewable energy
Energy supplier role Current hydrogen economy
Hydrogen Northern Netherlands
Little renewable energy

Figure out hydrogen future
Future energy mix

Import hydrogen from abroad
Mainly direct electrification Future hydrogen economy

Promising hydrogen future
Specific applications
Uncertain future
Collaboration with partners
New parnerships Stakeholder collaboration
Different organisations needed
Competition parties

Different objectives stakeholders Stakeholder conflicts
No conflicts

Airport role

Business opportunity
Decentralized system
Economic benefits
Grid capacity Hydrogen airport ecosystem
Grid connection

Hydrogen demand

Succes depending on scale
Zero emmission target
Electric GSE

Ground support equipment Ground support equipment
Hydrogen GSE

Stakeholder
collaboration and
expectations
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Table 4.2 Coding tree 2

First order code

Second order code

Dimension

Business model hydrogen

Diesel cheaper

High hydrogen price

High investment costs

No viable business model

Subsidies

Economic barriers

Availability

Hydrogen infrastructure

Technology excists

Research and knowledge

Technical staff and skills

Technology development

Technological barriers

Missing stimulating policy

Policy not consistant and slow

Regulation

Permits

Political and regulatory
barriers

Hinder environment

Inform public

Positive for environment

Safe and responsible

Resistance airport

Safe distance people

Safety concerns

Social acceptance

Social support hydrogen

Support airport

Social and
environmental barriers

Ranking barriers

Ranking barriers

Barriers inhibiting
hydrogen deployment
and recommendations
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4.1. Stakeholder roles and views

This part will cover the first research theme and the related research question. Various stakeholder

roles and views are further explained.

4.1.1. Current hydrogen economy

The result reveals that hydrogen development and deployment are in the early stages. Some
organizations are involved in one or more hydrogen projects in the Northern Netherlands. Many
organizations are engaged in the HEAVENN project (organizations A F, H, I, J, L, M). Organization
D is co-designer and developer of the HEAVENN project. They have a role in technical coordination
and in developing business models. It is a complex project that interconnects deployment projects.
Interviewee I: “"HEAVENN is a glue that connects projects and creates an entire ecosystem. An
airport is valuable in the project because it provides different applications and business models’”.
Organization A is involved in several research projects, and some are already running. They have
several small electrolyzers and currently building a large central one. Interviewee A: *’I currently
work on a research project in Emmen, developing an innovation and research facility in renewable
energy and electrolysis. Also, I am working on mapping the hydrogen demand in the region’’. In
Oosterwolde, organization E manages a hydrogen project in which an electrolyzer is connected to a
solar park, comparable to the airport project.

The organizations are in different stages of hydrogen application. Some are thinking about it; some
are developing applications, and others are already deploying them. Interviewee K: *’Currently, we
do nothing with hydrogen. We have 3300 solar panels on our roof and looking to the next step. For
example, last year, we bought a boiler that could be additionally fired with hydrogen’’. For
organization C, hydrogen is currently a by-product. However, they realized that hydrogen has more
potential and wanted to focus on further development. Hydrogen is deployed in transport and
associated refueling stations. Interviewee J: “’We are pioneering with several hydrogen refueling
stations. The experience is that it works; that is the most important thing. Experimentation and selling
it to customers give valuable lessons to improve’’. In Groningen and Drenthe, some public transport
buses and taxis are fuelled by hydrogen. Currently, 32 buses and five taxis. Here are issues to
overcome. For example, breakdowns of refueling stations (organization L and M). Interviewee M:
*’Availability of refueling is critical. If busses cannot drive, a part of the timetable fails’’.

Hydrogen is also used in the chemical industry. However, this is not green hydrogen. Organisation E
states that there is currently a lot of grey hydrogen, which is less expensive than green hydrogen. The
high energy prices make it more costly to produce green hydrogen. Organization A states that the
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amount of renewable energy is a significant problem. Interviewee A: “’we have too little renewable

energy, which is a big problem. If that supply increases, the hydrogen price will fall’’.

4.1.2. Future hydrogen economy

The results reveal that most organizations think the future of hydrogen is promising but uncertain.
Hydrogen will play a key role, especially in the Northern Netherlands. Some specific challenges and
applications will be difficult to solve with another solution or technology. The gas situation is
changing due to problems with earthquakes. Digging for natural gas in this region will not be an
option anymore. Therefore, we need a replacement, from an energy and economic point of view.
Hydrogen will play a role in the energy system, but it will take time (organization I). Between now
and ten years, a lot will change. More will follow if large companies and industries switch to hydrogen
(organization D). Organization G: *’Hydrogen is beautiful, and | hope the airport can play a positive
role. In the end, if it works out, we all gain something’’. However, the future of hydrogen is also

uncertain (organization A, J).

Interviewee J: “’No one knows what will happen in the future. There are many hydrogen forms, and
everyone is looking at what form works best for what application’’. We do not yet have the answer
to many questions, such as where to apply it at an airport. Interviewee B2: *’Should we build super
large or small electrolyzers? For what applications is hydrogen best suited?’’. You must pioneer and
determine if hydrogen is appropriate for the organization at a certain point in the future. This also
depends on the development of batteries and regulations regarding emission reduction. For example,

at a particular moment, diesel could no longer be allowed at the airport (organization B).

We must look carefully at the role of hydrogen in de energy mix. It is risky to make hydrogen for
things that can be much better electric. For example, newly built hydrogen-powered houses or
hydrogen-powered passenger cars. Interviewee A: “’l see it as a risk that we use hydrogen as a sort
of panacea for everything. This will create resistance for hydrogen pilots, and we throw away much
energy’’. The majority will be direct electrification. This also holds for aviation applications. If
possible, you can fly electrically or make a GPU electrically. This is much more efficient
(organization A). Interviewee E: “’Hydrogen is the big loser per turnover step. This makes it
expensive energy. | am skeptical about using hydrogen while you can also use batteries’’. In the
future energy mix, we can use hydrogen as energy storage. Wind- and sun energy gives high
fluctuations. Hydrogen can be produced at peak times and later be used. This makes it necessary for

the energy mix (organization C).
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Hydrogen can be used for applications too heavy for batteries or direct electrification (organization
A, B, D, L, M). At airports, some vehicles cannot be electric. For example, a vehicle that sprays high-
temperature liquids makes planes ice-free. Also, some heavy kerosine transport trucks and pushback
trucks. Sometimes those vehicles must drive long distances with heavy aircraft or do not have time
to load (organization B). It is also a solution for the transportation sector. Trucks, buses, taxis, and
machinery that are heavy and must drive long distances can be powered by hydrogen. Usually, these
vehicles must be constantly deployable (organization D). Battery electricity is only sometimes
feasible for taxis because the range is too short. Also, cabs must fill up quickly and move on
(organization L). Hydrogen is also suitable for regional buses that need a sizeable autonomous range.

There are also few opportunities to recharge in rural areas (organization M).

Furthermore, hydrogen can be a solution in specific situations. For example, when the electricity grid
is overloaded and cannot supply. Also, applications where hydrogen as feedstock is essential and

niche markets where it is not profitable to install an entire power network (organization A, D).

Lastly, several organizations expect future hydrogen importation from abroad. Interviewee A: *’We
expect a lot from the import of hydrogen and are looking to different opportunities. Like liquid
hydrogen transport from Australia by boat’’. Production can also occur in Australia or Africa because
solar panels generate more energy there. Then Import terminals should be developed. Furthermore,

production could happen in the North Sea (organization C, F).

4.1.3. Stakeholder collaboration

The results reveal that stakeholders see the importance of collaboration. This corresponds with the
expectation. New partnerships are emerging. Particularly cooperation between research and industry
is essential. Interviewee I: *’We are part of that and work closely with the university’’. It is essential
to highlight that collaboration is vital in large and small industries. Large companies can provide
capital, experience, and large-scale infrastructure. On the other hand, small companies and
entrepreneurs are crucial for innovating new technologies (organization I). Interviewee K: *’I notice
that smaller companies mainly look at big companies like the airport and us. Most companies here
are too small to develop major initiatives’’. Collaboration is necessary and logical because a new
sector must be developed—an entire supply chain from production to end-user. Partnerships are even
created with competitors. Manager A: “’We develop an electrolyzer demo together with a competitor

in de electricity market’” (organization A).

Recently companies starting to collaborate at the business park next to the airport. Companies are
also looking at how they can use hydrogen, for example, in heating and transport. Before, there was
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no cooperation, but now companies realize they need help with the energy transition and want to
make it together. The municipality launched a project here on energy-neutral business parks. This
project resulted in a business association cooperating. Interviewee G: “’We managed to find funding
for an energy consultant there. He can analyze possibilities and costs. Entrepreneurs realize that it
is not possible alone, financially it is also such a big task’’. Currently, hydrogen is difficult to
implement. It is new, and nobody knows what to expect (organization G). The government is also
supporting local collaboration. Companies should pick up different elements of the hydrogen supply
chain. In all those elements, parties can play a role. The government is essential in giving permissions
and making development and deployment possible. Interviewee H: “’What you want is that companies
in that industrial park sit together to solve it locally. It is about the development of those value chains.
Therefore, you also must define all those subsidy instruments on the supply chain level’’. If there is a

collaboration, companies can apply for a significant subsidy (Organisation H).

Companies at the airport business park are looking at what to do with energy and how the airport can
be involved. There are large transport companies that that willing to participate in innovative pilots.
Interviewee K: *’As entrepreneurs, we sat together to see how we could help each other. We have a
lot of solar panels and the airport too. What can we do with that energy?’’. The energy goes into the
grid now, but the network is overloaded. In the future local decentralized networks could be a
solution. Then companies can be local suppliers of energy. The business park could be autonomous
of the grid in a collaborative setting with solar panels, hydrogen, and other sources. Currently,

legalization does not allow this (organization G, K).

4.1.4. Stakeholder conflicts

The results reveal that conflicts are controversial. Most organizations notice few conflicts and focus
on collaboration. Interviewee I: “’I would not call it conflicts. Different parties have different
motivations and objectives. There are challenges to align those, but I would not say conflicts™’.
Interviewee G: “’Instead of conflicts, you see movements of collaboration’’. There are different
interests but no conflicts. There is healthy completion that is just beginning (organization A, I).

However, reaching a consensus about responsibilities can be challenging. For example, the airport
wants to avoid being responsible for technology development. The airport is only a facilitator for
stakeholders. For hydrogen technology providers, it is a risk to invest and to be accountable.
Organization D: “’At airports are strict laws regarding safety. It is not allowed to experiment with

hydrogen GSE near aircraft. We can develop hydrogen GSE, but we do not want to be responsible
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for safety certificates’’. Realizing infrastructure, such as an electrolyzer and refueling station, requires

stakeholder action. These conflicts make it challenging to move on (organization D, J).

Furthermore, organizations notice conflicts between airport and society. These conflicts are not about
renewable energy and hydrogen but nuisance from the airport. People complain about noise and
pollution. Furthermore, they complain that the airport is not profitable and costs too much society

money (organization G, O).
4.1.5. Hydrogen airport ecosystem

The results reveal that parties are willing to cooperate in the zero-emission hydrogen airport
ecosystem at Groningen Airport Eelde. Many stakeholders collaborate in this project (organizations
B, C, D, E, F, H, J). However, parties are critical of the system’s success, for example, due to the lack
of demand. The airport is a hub where various parties settle. Therefore, the airport facilitates parties
to come together and trigger hydrogen usage (organization A, J). The airport is small, but this can be
valuable from a research point of view. At a small airport is room for experimentation. It is less busy,
and the investments will be smaller. Ultimately these hydrogen ecosystems could be applied to bigger
airports (organization D). Interviewee E: “’The airport has released a playfield where different parties
can do their thing’’. Different businesses can share knowledge and work together on hydrogen
development. Interviewee C: *’This project is an interesting business opportunity because we want
to take our residual product seriously and sell it. Also, we like to participate in innovative
environmentally friendly projects’’. The ambition of the airport is to create a business park. It would

be interesting if companies there invested and continued with hydrogen (organization G).

It is noticeable that organizations are critical of the project’s business model. The specific applications
of the project have much value, but there are also challenges. The main challenge is to be able to
develop a business model that is acceptable to the stakeholders involved. Fortunately, the refueling
station can help with that (organization I). The success of the project will be dependent on the scale
of demand. A decentralized network can be valuable, but for production with electrolyzers, you need
a specific scale to make it feasible. Large-scale production is more interesting because the price per
molecule is lower. Electrolyzers become interesting from 10 MW on. This supply cannot be used at
this airport. Therefore, other parties who use hydrogen are needed. This could be logistical parties,
taxi companies, and other traffic. A demand model for the refueling station is required to estimate
volumes (organization A, J).

Interviewee A: “’The success depends on the volume needed at the airport. | wonder which parties
will use the refueling station there because it is not a logical location to create a hydrogen hub’’. It
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would be favorable a multi-fuel station. Interviewee J: *’At the moment, the business case is not great.

Adding multiple fuels can mitigate this, but this is dependent on location and demand’’.

Several large transport companies in the area could use hydrogen as fuel. A large transport company
(Faber Bloementransport) next to the airport is interested in hydrogen trucks, especially with a filling
point nearby. Another nearby company is interested in using hydrogen for heating (organization H,
K). A taxi company that drives hydrogen cars is also willing to use the station. Interviewee L: “’If we
can refuel in more places, our employability will increase’’. Public transport buses could be filled
there, but limited bus lines pass by the airport. Also, the hydrogen price is too high to drive the extra

distance to the refuel station (organization L, M).

Switching from fossil fuels to green hydrogen contributes to the zero-emission goal of the airport
ecosystem. Currently, most hydrogen is grey and blue, which is not zero-emission. Green electricity
is needed if the whole chain becomes zero emission. The solar park at the airport will ensure that it
is green hydrogen. Interviewee J: “’In mobility are only two net-zero options: battery electric and
hydrogen fuel cells’’. Another advantage of green solar electricity is that it can be easily applied in a
fuel cell (organization D, J). Interviewee F: “’The first parties want to deliver green hydrogen on a
large scale around 2024-2025. Currently, it happens on a smaller scale’’.

Several organizations state that a decentralized hydrogen ecosystem brings grid capacity and
connection challenges. Such a network should be legally and appropriately organized. Currently, the
airport has a grid connection, and the solar park has a grid connection. The solar park is a separate
company; the solar power goes directly into the grid. This is legally and economically the easiest way
to organize the system. In the future, the electrolyzer can have a contract with the solar field, or it can
also be powered from the grid. It will probably be a separate company that owns the electrolyzer.
Legally they both should have a connection to the grid. The principle of a potential battery will be
the same (organization E). Companies at the nearby business park are considering an off-grid
decentralized network with the airport. However, legally this is not allowed currently (organization
G, K). Interviewee K: *’Energy suppliers also are not interested in returning all energy because the
grid is overloaded. Instead, we could directly supply our neighbor. The future lies in local initiatives,

but the law is still against us’’.

4.1.6 Ground support equipment

The ground support equipment is currently mainly powered by diesel. This should be changed to
directly electric or hydrogen-electric to reach zero-emission goals. The results reveal that most GSEs

can be battery electric. Section 4.1.2 of the report explains that hydrogen is promising for some
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specific vehicles. One of them is a GPU. GPUs are one of the biggest emitters of airports. Making
them zero-emission has several challenges. A GPU currently has a large diesel tank that can run 24
hours daily. This will not be possible with an electric GPU because of the charging time. However,
an electric GPU is more expensive than a d-GPU, and a hydrogen one is even more expensive.
Moreover, it is not even for sale yet. The Dutch airport Schiphol also has electric fixed power units
(FPUs). Then a GPU is not necessary anymore. However, there are too few cables, and everything
gets hot at high occupation. Furthermore, the power cable of an FPU is much heavier, which is a
disadvantage for employees. The expectation for the future is that for big aircraft, FPUs will be used

and for small aircraft, battery electric or hydrogen GPUs (organization B).

Interviewee B1: ’We now have the policy first electric, and if there is no other choice than
hydrogen’’. Combining electricity and hydrogen means creating two infrastructures at the airport.
The electricity network needs more capacity, and a hydrogen fuelling station is required. Electric
GPUs and hydrogen GPUs have both advantages and disadvantages. Electric GPUs need to be
brought to the charger and back all the time. This costs time and makes it more expensive. Also, their
capacity is not big enough for big aircraft. Hydrogen GPUs could be filled at the location. However,
hydrogen GPUs need to be developed and tested. This requires collaboration with the technology
provider and training of mechanics. Hydrogen GPUs can also be used when the network is
overloaded. Interviewee B2: “’We think there will be insufficient electric energy; with hydrogen, we
have a plan B’’ (organization B). Technically it would be possible to convert all GSE into electricity
or hydrogen. However, airport safety regulations are strict. Legally, it is impossible to convert
everything now because of strict safety regulations at airports. Therefore, hydrogen GSE should be

tested to receive safety certifications (organization D).
4.2. Barriers

This part will mainly cover the second research question. This question is about the different barriers

inhibiting successful hydrogen deployment.

4.2.1. Economic barriers

The results reveal that hydrogen deployment involves high investment and operational costs. Often
companies must choose between diesel, electric, and hydrogen. Interviewee B1: “’If we compare the
costs for a new transport vehicle: diesel €45.000, electric €75.000, hydrogen €180.000. Tell me which
one you choose’’. So, battery electricity is the cheapest zero-emission option. The price difference
between battery electricity and hydrogen is significantly significant. Lastly, equipment is currently
barely available on the market. Companies cannot buy things that are not being produced. Interviewee
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M: “’We cannot buy 50 hydrogen buses because they do not exist’” (organization B, L, M). Also, it is
an investment in an uncertain factor. Companies do not know if hydrogen will get off the ground and
when. Investments are needed, but it is uncertain if you will get them back. Currently, companies are
highly dependent on subsidies. However, large companies can also take responsibility and take the
first step. Interviewee K: “’Companies start working on it when subsidies are provided, but you must
be intrinsically motivated to make the first step as a company. Not always dependent on subsidies
alone’’ (organization G, K).

Furthermore, the chicken-and-egg problem is also essential here. Companies will not invest if there
is no infrastructure, like refueling stations. Interviewee F: “’Should there first be production or

demand? It is like electric cars; you need charging stations’” (organization F).

The operational costs are also high due to the high hydrogen price. This makes hydrogen both
expensive in OPEX and CAPEX. Hydrogen can become cheaper if production increases. Moreover,
the supply of renewable energy must increase. This is a matter of supply and demand (organization
A, L). Interviewee A: “’Comparable to solar panels ten years ago. They were twice as expensive
because the supply chain was not as large as now’’. Currently, there is more grey hydrogen, which
is cheaper. Interviewee L: “’We can refuel at a chemical company. Their hydrogen is residual
material, which makes it cheaper’’. It is a problem that hydrogen costs are not acceptable to compete
with fossil fuels. It is not possible to escape diesel, especially for long distances. Some hydrogen
vehicles are doable, but an entire fleet cannot be profitable (organization L). Governments have a

significant role here. Without subsidies, the price will never drop (organization F).

The high prices make it hard to develop an economically viable business model. Companies cannot
complete a business case for a green electrolysis project. It will take years to achieve this
(organization E, H). Interviewee A: “’I think most hydrogen projects are not viable. Certainly not
without subsidies and often even with subsidies. This is the most important barrier’’. Investors require
an acceptable business model. Currently, it is a challenge to get investors. Moreover, getting subsidies
is very challenging (organization I). Grants are essential for development. Interviewee D: “’If you
contribute to zero-emission, you can subsidize up to 100 percent’’. Subsidies help to accelerate and
create a kind of new industrial revolution. Therefore, the government should revise the subsidy
system (organization D). Also, it will be valuable for smaller companies if there are local subsidies

instead of EU-subsidy (organization L).
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4.2.2. Technical barriers

The results reveal that hydrogen infrastructure, knowledge, and skills must be improved. There are
different hydrogen technologies well developed. For example, the chemical industry has produced
and used hydrogen for decades. However, the integration of these technologies is a challenge. It is
about systems engineering and integration. That has yet to be done at this scale. Particularly not for
energy and transport applications. It is challenging to produce and deliver it to many parties

(organizations A, I).

In the future, two infrastructures should be created at airports. Both for electric and h-GSE
(organization B). The same goes for the whole energy network. Interviewee D: *’It will take time
before gas network operators and energy suppliers will start big infrastructure projects’’. The gas
network operator is willing to build infrastructure for the entire supply chain required to develop the
hydrogen market. The plan is to create a hydrogen backbone in Groningen to supply hydrogen to
some industrial clusters. Industries farther away can build their network or be provided with tube
trailers. The switch between trailers and pipelines becomes economically viable with high demand

and quantities (organization F).

Currently, there are only a few refueling stations, which means that transport companies can refuel in
a few places. Moreover, those stations often have a breakdown due to malfunctions. In such a
situation, hydrogen vehicles cannot drive. Therefore, the risk of having many hydrogen vehicles in
the fleet is too high (organization L, M). Also, most refueling stations need larger supply capacities.
To refuel buses and trucks, a sufficient buffer of hydrogen is required. Interviewee D: “’You must

increase the buffer capacity. Now you can barely refuel one truck or bus’’ (organization D, M).

The refueling station needs its filling infrastructure. The airport system has different supply
possibilities: a pipeline from the electrolyzer, transport with tube trailers from the electrolyzer, and
transportation with tube trailers from other suppliers. Large-scale production is cost-wise more
interesting. If there is a 1 MW electrolyzer, the capacity could be too small. Therefore, a hybrid
structure could be needed. Different supply methods require different designs to consider. Pipelines
need a continuous flow of low-pressure and tube trailers, and tanks need a high-pressure flow.
Interviewee J: “’When using a pipeline of 3 bar and you must fill a car at 700 bar, you can calculate
how much extra pressure you need. Filling a truck of 350 bar with a tube trailer of 300 bar requires
less additional pressure’” (organization J).

The hydrogen supply chain still needs to be fully developed. There is a lack of certain parties, such
as manufacturers. Specific applications are scarce. For example, there are few suppliers of

182



electrolyzers. Therefore, obtaining an average electrolyzer is hard. If the few suppliers focus on big
companies, they cannot supply the rest of the market (organization H). Also, the availability of
hydrogen vehicles is limited. Only two types of hydrogen passenger cars are being produced. Larger
vehicles are not available (organization L). Interviewee M: “’There should be more bus builders.
Currently, busses are not produced’. Lastly, hydrogen maintenance can be more difficult.
Interviewee L: “’We would like to do in-house maintenance, but this is impossible with hydrogen.
Fortunately, we have a dealer, but we are open 24/7, and the dealer is not’’.

Furthermore, the workforce should be trained in electronics and electrical engineering. Interviewee
B2: “’Our mechanics must be retrained from diesel motors to other technology. Also, we are actively
looking for knowledge institutes, collaborative projects, and subsidy programs. In that way, we can
build knowledge’’. Technically skilled employees are needed. There is a lack of skills in the sector.
It is not possible to recruit and train people as fast as necessary. Projects are developing quickly now.
Therefore, it is essential to collaborate with education institutes and universities. More people must
choose to learn about fuel cell technology and electrolysis. Skills and training are crucial

(organization D, I).
4.2.3 Political and regulatory barriers

The results reveal that hydrogen regulation is immature or does not exist. This corresponds with the
expectation because the sector is still immature, especially for hydrogen energy applications on a
bigger scale. Often regulation is not there and has to be developed within a project. Also, there are
challenges on local level politics and planning permissions. Local authorities and teams are not
familiar with hydrogen implementation and technologies. They tend to be on the conscious side.

Therefore, getting approval and building installations takes longer (organization I).

Interviewee L: “’It is waiting for the municipality to issue the permit for a refueling station while the
money is already on the shelf’’. Interviewee A: “’The policy is inconsistent, and it takes a long time
before it is clear what the government wants with hydrogen. It will help if the frameworks are put
down more clearly’’. It can take three years of research and preparation to start building something.
Commercial parties do not have the money to do this. Permits, agreements, and contracts make it

complex, which can be frustrating in the beginning (organization E).

For local governments, everything is new. The municipality is the competent authority to test if a plan
is feasible and, from an environmental point of view, whether other aspects need to be considered. A
permit application should be completed. External safety is an important aspect here. Therefore, risk
distances should be considered. However, the municipality is not an expert on hydrogen. It often
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needs to be clarified whether requests are legal and which laws and regulations are involved. If that
is all right, they can cooperate. It would be more interesting if you could ensure that companies in the
area can further economically develop hydrogen applications. Interviewee G: “’It is a kind of step-by-
step plan how I see it. First, we must check if it is allowed and possible. Then we can realize it and
ensure that the environment benefits. The intention is to make it economically interesting’’

(organization G).

The province realizes that it has a role in market development. Therefore, a vision for hydrogen
development is made. Furthermore, the province can support municipalities with knowledge. First,
however, they must find out what role they will play and how far they will go as a government
(organization H). It is noticeable that businesses feel that government organizations are struggling.
Interviewee L: “’The local government and province have no knowledge. HEAVENN chases

developments, but for the municipality, it is a far from my bed show’’.

Companies are wondering about environmental permits regarding hydrogen. For example, how can
it be transported to their company? Opinions regarding hydrogen are divided. Interviewee K: *’I speak
to different parties and people from local politics. I notice that people are against hydrogen because
they trust electricity more. The transition is going fast, and you do not want to miss the boat’’. Local
politics should not determine whether hydrogen comes here. Local politics is intended to shape a
good climate for inhabitants. If hydrogen fits here to supply the energy, it should not be blocked
through parties’ opinions (Organization K). Organizations state that they are missing laws and
regulations to stimulate hydrogen. Interviewee A: “’Germany and America have a slightly more
detailed plan to support hydrogen long-term. In the Netherlands and the rest of Europe, this has not

yet fully landed™’.

At airports, there are strict safety regulations that hinder hydrogen applications. Workable regulation
is essential for ground handlers. The fire department should say what is allowed and what is not.
Moreover, it is challenging for manufacturers to develop h-GSE. There are significant safety risks.
Therefore, h-GSE is not allowed at the airport without a safety certificate. Testing equipment and
obtaining safety certificates is a significant obstacle for manufacturers. Governments should lead this

and consider possible problems and how to solve that with regulation (organization B).

4.2.4. Social and environmental barriers

The results reveal that social acceptance of hydrogen applications is relatively high. The expectation
before was that there would be resistance against hydrogen, for example, due to safety concerns. In

practice, these concerns are barely noticeable in society. However, there is resistance against the
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airport because of noise and pollution. Social acceptance of the airport and social acceptance of
hydrogen are different things. Interviewee G: “’l see social acceptance for hydrogen, but you are
dealing with Groningen Airport Eelde, which is another story’’.

Most organizations state that there is social support for hydrogen projects. Hydrogen production itself
mainly has a positive impact on the environment. Also, the nuisance will decrease because there will
no longer be diesel buses and trucks. Hydrogen vehicles make less noise and are cleaner. Customers
even prefer hydrogen over diesel (organization A, M, L). Interviewee G: “’The city council recently
organized an information meeting about hydrogen. There is much interest in the subject, and people
see it not as scary or exciting. | expect there will be support here’’. On the other side, there is little
social knowledge. People do not think anything of it and do not understand what it is. Interviewee K:
“’People like it until it goes wrong for the first time. Nevertheless, pioneering means making mistakes,

and the intention must be good™’.

Social acceptance is an essential aspect of hydrogen deployment. Some people see hydrogen as
something new, strange, or dangerous. However, civilians have little knowledge, and these safety
concerns could be wrong. Therefore, it is essential to inform society to change public perception and
acceptance (organization G, I). Interviewee O: *’I notice not many safety concerns’’. Of course, new
developments are always associated with certain risks, but you must accept that. Social acceptance
for the airport project could grow if civilians directly benefit. This will be possible if neighbors
participate in the project and are part owners of the solar park. This can be interesting in creating
support. Furthermore, it helps if the refueling station is open for private individuals (organization G).
The business itself can also help to support social acceptance. Interviewee L: “’We selected several
motivated drivers for hydrogen taxis. They are also hydrogen ambassadors. The reactions are

positive and mainly business customers like hydrogen’’.

It is also crucial that hydrogen projects should be deployed at a safe distance from people. If the
distance is sufficient, residents do not hear of feel anything. If something goes wrong, you must prove
that the effects have no consequences for neighbors (organization A, H). Interviewee A: *’Of course,
you must watch out for large quantities. A mega electrolyzer with huge storage and trucks driving
around will impact the environment’’. Laws and regulations ensure safety. This is a spatial issue, and
businesses need permits to build something. For example, around a refueling station, there is a safety

circle (organization H, M).

Compared with hydrogen social acceptance, social acceptance for Groningen Airport Eelde is much
more difficult. Society is very divided about the airport. On the one hand, people strongly support it,
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and on the other hand, people are strong opponents. Interviewee G: “’I think for and against is 50/50.
On the one hand, you have nature and the environment, but the Airport is almost 100 years old and
part of the city’’. Supporters of the airport state that its role in society is essential for different reasons.
The airport positively influences the economy and employment in the region, although this is difficult
to measure. Currently, a new business area will be developed next to the airport. Industries related to

aviation are interested in settling there, such as companies dismantling aircraft (organization G, O).

The airport has an extended sustainability vision and is working on different projects. This is positive
because the aviation industry is immensely polluting now. Regional airports have an essential role in
driving innovation. They are small and can pioneer. For example, in the field of electric flying and
hydrogen flying, the airport could be a frontrunner in Europe. Also, the airport can play a role in
developing a hydrogen hub in the Northern Netherlands. Interviewee G: “’The KLM flight academy
purchased new electric aircraft, and the plan is to use them within 2 or 3 years. This will be a noise
reduction of 70 percent’’. Electric flying significantly reduces nuisance, particularly for the flight
academy because they fly a lot. Also, there are experiments with drone flights. Usually, this is not
allowed on an airfield, but it is possible in collaboration with air traffic control. Interviewee O: “’Small
packages and medicines can quickly be transported to the Wadden Islands. Those are good things

too’’ (organization G, H, O).

Furthermore, the airport has a medical function for the region. The trauma helicopter is housed there,
and organ flights can be carried out for nearby hospitals. The trauma helicopter flies out five times a
day, and organs can arrive 24 hours a day. Interviewee G: “’No one can be against the trauma
helicopter; that is a smart point of sale’” (organization G, O). Organisation O: “’Our members are
positive about the airport, but we want to represent society. Therefore, we did a large survey in the
Northern Netherlands. The survey showed that 78 percent of respondents have a positive attitude

towards Groningen Airport Eelde’’.

Opponents point out several arguments against the airport. This makes it more difficult to gain support
for hydrogen projects. These arguments are mainly about noise, pollution, and lack of profitability.
Society of opponents (VOLE): “’Sustainability at airport Eelde is a distraction and greenwashing.
There is no significant contribution to new technologies. Four million euros from taxpayers is needed
to cover the losses. Furthermore, noise and pollution are very detrimental to our villages’’. Different
airplanes give different noise nuisance. Organization G: *’l live close to the airport, and complaints
are mainly about the KLM flight academy. Those small planes keep circling and making noise is more
annoying than a Boeing 5 times a day. Those little planes fly low, and you hear it for a long time’”.
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Electric flying would lower noise and emissions significantly, but opponents see sustainability as a

reason to retain the airport and are also against it (organization G).

Shareholders invest money in it for a long time. Every time the airport comes with new plans, it needs
to be more profitable. This is controversial in local politics because investments are necessary for the
hydrogen project to get off the ground. Interviewee G: *’Sustainability is the last resort for Groningen
Airport Eelde’’. The municipality council is mainly left-wing and is critical of where the money goes.
It is a problematic political discussion if airports deserve more investments and extensions.
Investments must be made now, while the effects are visible in several years, this makes it more
difficult. Furthermore, the local business community attaches too little value to the airport
(organization G). It will be a financial solution if the Schiphol Group takes over the airport. Then the

finances come from there, not local governments (organization O).

4.2.5. Ranking barriers

Interviewees are asked whether they can rank barriers by importance. Most interviewees think that
economic barriers are the most critical. Economic barriers are why there are few hydrogen
applications (organization A, L, M). Nevertheless, all barriers are essential and interdependent.

Interviewee I: ’I cannot rank them, to be honest. They are all top of the list, especially those four’”’.

5. Discussion

In this part, outstanding results are discussed and compared with the literature. Also, learning points
and recommendations will be given. Furthermore, results are validated by an airport manager. Finally,

the chapter will conclude with implications, limitations, and recommendations for future research.

5.1. Interpretation of results

In this section, noticeable results are discussed and compared with the literature.

5.1.1 Hydrogen application

Stakeholders realize that the shift from diesel to renewable sources should be made to reach zero-
emission goals, but there are more options than hydrogen. For example, GSE and other transport
applications could be battery electric. The literature states that the electrification of energy demand
is needed for a successful transition toward a low-carbon economy in 2050 (Fragkos et al., 2017).
Hydrogen and fuel cell technology have great potential for various applications in the aviation

industry, such as GSE (Baroutaji et al., 2019; Staffell et al., 2019). For example, hydrogen-powered
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forklifts have no emissions and require less maintenance. Moreover, they have a quick refueling time
(McConnell, 2010).

The results of this paper confirm and reject the potential for hydrogen applications. Hydrogen is
promising for specific applications that are too heavy for batteries or direct electrification. For
example, vehicles that do not have time to charge. Literature approves various advantages of
hydrogen applications. Such as fast refuel time (Offer et al., 2010), high operating time (Niaz et al.,
2015; Yue et al., 2021), and longer lifetime than batteries (Sagaria et al., 2021). However, battery
electric vehicles have a lower fuel cost per kilometer, fewer energy transition losses, and greater
access to fuelling capability (Thomas, 2009). Both hydrogen applications and battery electric
applications are promising. Businesses should look carefully at the role of hydrogen in the energy
mix. Hydrogen should not be used for applications better suited for direct electricity.

5.1.2. Hydrogen airport ecosystem

The results reveal that parties think differently about a decentralized hydrogen system. It is also
possible to choose a more centrally organized system. Both have their advantages and disadvantages.
The advantage is that the airport and nearby business park are less dependent on external influences,
such as international conflicts or grid congestion (organization H, K). The literature identified several
advantages. Decentralized hydrogen production attracts innovative businesses that accelerate the
hydrogen economy. Local clusters can stimulate innovation and develop technological breakthroughs
(Coenen et al., 2010).

However, the disadvantage is that a particular scale and demand are needed to realize a feasible
business model. Currently, the airport’s demand is low, and nearby industries are required. However,
nearby industries, such as transport companies, face many barriers to switching to hydrogen
deployment. Subsidies are needed to produce price-competitive and create demand. Furthermore, it
may be more lucrative to manufacture hydrogen centrally or import it from abroad. Lastly, the
Netherlands is an electrified country with a stable network. Such a network would be better for remote

areas without a stable network (organizations A, C, J).

Legally it is not possible to realize an off-grid hydrogen ecosystem. Literature states that it is
economically also not feasible. A German case study found that producing hydrogen using grid-
connected solar power is already market competitive with fossil fuels. Moreover, it has further
potential for a price reduction due to economies of scale and the learning effects of electrolyzers and

solar energy systems. Hydrogen production in an off-grid mode with battery backup is not
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economically feasible today. In the future, the economic parameters will become more competitive

through learning curve effects and stimulating policies, which is promising (Bhandari & Shah, 2021).
5.1.3. Economic barriers

Different economic barriers are identified. These are high investment costs, high operational costs,
realizing an economically viable business model, and gaining subsidies. The results reveal that
hydrogen is expensive in both OPEX and CAPEX. Mainly through high investment costs and high
hydrogen price levels. Currently, hydrogen cannot compete with fossil fuels, especially not without
subsidies. This makes it hard to realize an economically viable business model. In particular for small
airports and small businesses with limited budgets. However, organizations think that this is going to
change in the future. More supply and demand will lower the price of hydrogen and the price of
hydrogen applications. Moreover, increasing the renewable electricity supply will reduce the cost of

green hydrogen.

Recent literature approves this. According to Panchenko et al. (2022), it is only a matter of time before
the widespread production and use of hydrogen. Currently, the production of green hydrogen on an
industrial scale is immature. The economics of green hydrogen projects cannot compete with fossil
fuels. Over time, technology costs and the cost of producing green electricity will reduce, fostering
the hydrogen economy (Panchenko et al., 2022). The decreasing cost of solar photovoltaics will lead
to a significant reduction in hydrogen costs. The Levelized cost of hydrogen will decrease from the
current 1.0-2.7 €/kgn2 to 0.7-1.8 €/kgn2 by 2030 and 0.3-0.9 €/kgn2 by 2050, depending on the
location (Vartiainen et al., 2022). Moreover, the costs of battery electric vehicles (BEV) and FCEV
will decrease. By 2040, FCEVs might be less expensive than BEVs per mile and have notable cost
advantages for larger vehicle sizes and longer driving ranges (Morrison et al., 2018). The government
has an important role here because subsidies are required foster development and decrease costs (van
Benthem et al., 2006).

5.1.4. Technical barriers

Various technical barriers are identified. These are a lack of infrastructure, knowledge, skills, and the
need for applications. Most of these things are strongly dependent on investments. The results reveal
that it takes time before infrastructure is developed, especially on a large scale. Currently, there are
few FCEVs and refueling stations. FCEVs are barely available because they are not produced on a
large scale. This means that parties should invest in infrastructure and manufacturing facilities. For
example, manufacturers of fuel cell buses, trucks, and cars. Furthermore, there is a lack of skills in

the sector. More technically skilled employees are needed.
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It is uncertain when large-scale deployment of hydrogen is going to take place. The fundamental
hydrogen infrastructure includes production, storage, delivery, and end-use applications (DOE,
2002). Literature states that by 2050 many cars, trucks, and buses could be powered by hydrogen
(Mostafaeipour et al., 2016). However, this will only be possible with infrastructure. Moreover,
people are needed to develop hydrogen infrastructure and applications. The industry faces talent
challenges. Currently, there are only demonstration projects. The lack of policies, markets, and
platforms prevents the quantity and quality of skilled employees from matching market demands (Wu
etal., 2022). Technologically, hydrogen technologies are there. However, it is a challenge to integrate

them and apply them on a large scale. This is strongly dependent on economic barriers.

5.1.5. Political and regulatory barriers

Different political and regulatory barriers are identified. These include a lack of regulation and
standards, government knowledge, and complicated regulatory procedures. The results reveal that
regulation is often absent and should be developed in a project. Also, at airports are strict safety
regulations that hinder hydrogen applications. Furthermore, receiving permission from municipalities
to start developing and deploying is challenging. Especially at the municipality level, interviewees
face challenges. There is little knowledge about hydrogen, and therefore the municipality is cautious.

This results in long and complicated regulatory procedures.

These results are backed by recent literature. The immature regulations and standards result in issues
regarding the popularization of hydrogen projects and withhold companies from investments. There
are complicated and lengthy regulatory approval procedures leading companies to opt for a different
solution (Wu et al., 2022). This is regrettable because government support is crucial for hydrogen
development. Subsidies and incentive tax measures are required to foster growth and decrease costs
(van Benthem et al., 2006). Businesses need consistent regulations to deploy hydrogen projects.
Therefore, a more stable policy plan is required to reduce uncertainty. Especially municipalities need
more knowledge and a better framework to assess permits concerning spatial integration and external

safety.

5.1.6. Social and environmental barriers

Various social and environmental barriers are identified. These are lack of public knowledge, safety
concerns, and airport resistance. The results reveal that the social support for hydrogen projects is
relatively high. Hydrogen deployment can positively influence the environment, and it is possible to
carry out projects at a safe distance from people. However, there are still safety concerns in society,

for example, with neighbors of a hydrogen project. This could be because society needs to gain more
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knowledge about hydrogen. The social acceptance of Groningen Airport Eelde is controversial.
Opponents complain about pollution, nuisance, and financial losses. Supporters point out the
importance for society and the economy.

Literature approves that social acceptance can be controversial. Transformation to new technology
and infrastructure often provokes protests from the population. To achieve social acceptance, it is
crucial to understand societal positions and conflicts. Society can have controversial as well as
consensual views. Controversial arguments refer to security, competitiveness, and environmental
protection. There are concerns about flammable and explosive safety risks, especially when
infrastructure is built around communities. Nevertheless, consensus can be reached on the common
goal of addressing climate change and zero-emission targets (Glanz & Schoénauer, 2021; Wu et al.,
2022).

Achieving social acceptance for an airport hydrogen ecosystem is challenging since airports have
opponents and supporters in society. However, sustainable aviation practices such as electric flying
significantly reduce noise and pollution. This can help to reach more social acceptance. According to
Glanz & Schonauer (2021), technology openness, information transparency, and citizen participation
will result in broader acceptance. Social perception and acceptance appear contradictory, but it is
essential not to rashly reduce these arguments to residents' irrational, selfish, and uninformed
motivations. Instead, these should be taken seriously and included in implementation processes

through transparency and participation.

5.2. Design recommendations

The research determined learning points and design recommendations for an airport hydrogen
ecosystem. The recommendations include two pathways focused on net-zero emission targets. One
until 2030 and one until 2050. Between these years, significant changes in circumstances are
expected. For example, decreasing OPEX and CAPEX of hydrogen deployment (Panchenko et al.,
2022). The recommendations build upon former case studies at Groningen Airport Eelde (Eefting,
2022; Kamphuis, 2022) and other literature. The advice might be relevant for policymakers and small

airports with their stakeholders. Mainly for airports with similar characteristics.

5.2.1. Until 2030

The Paris Agreement requires a significant reduction of emissions in 2030 (United Nations, 2015).
Therefore, airports should focus on making their GSE battery electric. Currently, h-GSE is not
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economically feasible and legally allowed. Moreover, a large share of GSE is more appropriate for

battery electric applications.

The infrastructure for the hydrogen ecosystem should be operational. This includes a solar park to
supply sufficient green electricity, a battery pack to reduce grid dependency, an electrolyzer, a storage
facility, and a hydrogen refueling station. Since airport demand will be limited at this stage, demand
from nearby industries is needed. Therefore, a feasible business model for the airport and their
stakeholders should be completed. Subsidies and supporting government practices will be essential
because hydrogen cannot compete with fossil fuels at this stage. Therefore, funding for involved

stakeholders is necessary to take away barriers.

To serve transport customers, the refueling station should have enough capacity to supply the demand
for trucks, cars, buses, and FCEV GSE. Furthermore, GSE that requires too much power for batteries
should be converted to hydrogen. Also, heating installations should be replaced by electric heat

pumps or hydrogen heating.

Governments should develop clear and consistent policies and regulations. If uncertainty reduces,
businesses can realize a feasible business model for hydrogen projects. National governments and
provinces should give proper support to municipalities. Municipalities need more knowledge and a
better framework to assess permits concerning safety and spatial issues. Furthermore, this should
make hydrogen accessible to smaller businesses. Finally, governments should subsidize and promote
hydrogen technology development. This will foster the manufacturing of electrolyzers, trucks, and

buses.

To achieve social acceptance, airports should apply technology openness, information transparency,
and citizen participation. Arguments of civilians and opponents should be taken seriously and
included in decision-making. Sustainability aircraft practices can help to achieve more social
acceptance. For example, electric aircraft significantly reduce noise and pollution. Small aircraft, for
example, used for flight schools, should be battery electric. This contributes to social acceptance and

net-zero emission targets.
5.2.2. Until 2050

Net-zero practices should be reached by 2050 (United Nations, 2015). If demand increases, the airport
can be connected with a pipeline to the hydrogen grid. Then both centralized and decentralized
production facilities can supply the airport. This will ensure energy supply and increases hydrogen
storing possibilities. Furthermore, more BEVs can be replaced by FCEVs. Especially GSE that must
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drive long distances and requires high amounts of energy. Airports should cooperate with FCEV
providers to replace conventional GSE. At this time, FCEVs might be less expensive than BEVs per
mile and have notable cost advantages for larger vehicle sizes and longer driving ranges (Morrison et
al., 2018).

Moreover, if an airfield aims to achieve net-zero emissions targets by 2050, all aircraft must be battery
electric or hydrogen-powered. Companies like Boeing and Airbus are developing hydrogen aircraft.
Airports should be prepared to facilitate hydrogen-powered aircraft because facilitating these aircraft
will require massive investments in storage and refueling infrastructure. Also, the airport should

adjust its destination model to facilitate net-zero aircraft.

Likely, electric flying and hydrogen flying cause safety concerns among civilians. Here again, the
airport must communicate appropriately to achieve social acceptance. Transparency, technology

openness, and citizen participation will result in broader acceptance.

5.2.3. Replicability

The recommendations are mainly valid for airports with similar characteristics. Thus, small and
regional airports. Large airports have different characteristics and the advantage of profiting from
economies of scale. They can realize hydrogen demand with their own GSE fleet and are less
dependent on external stakeholders. Furthermore, electricity grid constraints will make it more likely
to switch to FCEVs instead of BEVs. Therefore, it will be more viable for larger airports to realize a
hydrogen grid connection. However, large airports are less suitable for the pilot project due to high

operational pressure.

Solar electricity is considered the primary green energy source for airport energy systems (Xiang et
al., 2021). Therefore, airports should have solar parks that supply enough green electricity. For
example, the solar park at Groningen Airport Eelde is twenty hectares and supplies 22MW. Therefore,
airports should have space for this. Furthermore, Groningen Airport Eelde is nearby industrial
clusters. If airports are in rural areas, creating a particular scale and demand for hydrogen is more
challenging.

Moreover, circumstances differ across the world. Groningen Airport Eelde is in the middle of
Europe’s first Hydrogen Valley, also called the HEAVENN project. This provides knowledge and
research in the area. Lastly, regulations and subsidy mechanisms differ across the world. Groningen

Airport Eelde is dependent on European Union subsidies. The EU released a large amount of funding
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for hydrogen development (Haghi et al., 2018). Therefore, the results are more valid for European

Union countries.

5.3. Validation airport manager

Noticeable results are discussed with an airport manager. This form of validation gave interesting

confirmations and contradictions.

The results reveal that stakeholders notice few conflicts. However, according to the manager,
essential conflicts hinder progress. These are about the roles and responsibilities of stakeholders.
Multiple companies developing infrastructure and applications are SMEs, meaning they are more
vulnerable to risks. For example, a developer of h-GSE cannot provide safety certificates for the
applications. Because of strict safety regulations, uncertificated GSE cannot be used at the airport.

Also, infrastructure developers' uncertainty results in delays and project scaling down.

Furthermore, demand for the refueling station must be created, but it is unclear who takes the lead.
Currently, demand is limited, which makes it challenging to realize a feasible business case. To take
away barriers, more funding is needed for potential stakeholders. For example, subsidies for hydrogen

trucks and cabs.

Stakeholders have different expectations about a decentralized ecosystem. The regulation does not
allow the realization of an off-grid network with nearby industries, but it could also not be beneficial.
Manager: “’Where ends our role as an airport? We are a facilitator of aircraft and not an energy
company’’. The airport wants to stick to its role, and other companies are needed to build energy

infrastructure.

Furthermore, importing hydrogen instead of producing it is possibly more viable. The airport took
this into account. In the beginning stages, hydrogen will be imported. Both importation and
production could be possible, but this highly depends on the hydrogen price.

Society is divided about the airport because of nuisance and financial situation. According to the
manager, sustainability policy helps to gain community support. The airport involves neighbors and
notices positive effects. If society and government support the airport, the number of flights can
grow, resulting in a more financially healthy situation. Therefore, sustainability indirectly contributes
to the future-proof and lucrative business model. Moreover, the airport can purchase green energy

from nearby villages to produce hydrogen. In this way, residents directly profit.
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5.4  Study implications

The study gives both theoretical and practical implications.

5.4.1 Theoretical implications

This paper has several implications for theory. First, the study further explored and identified various
barriers that hinder organizations in hydrogen development. Second, the role of an airport in the
system is further investigated, and cooperation between landside stakeholders is analyzed. Third, the
study shows that conflicts and challenges are controversial. Aligning different objectives and take
new roles can be a challenge for successful cooperation. Fourth, the study made clear that social
support is controversial. A distinction should be made between the social acceptance of hydrogen and
the social acceptance of an airport. This implies challenges for airports regarding communication and

citizen participation.

5.4.2 Practical implications

This paper also has practical implications for decision-makers. First, it shows airport managers what
potential roles stakeholders could have in a hydrogen airport ecosystem. This can help estimate
demand and determine the capacity of the refueling station. Second, it shows the parties’ challenges
in overcoming barriers that hinder them. For example, due to uncertainty, parties will not make
investments. This gives a better understanding of the challenges of setting up a hydrogen ecosystem.
Decision-makers should be aware of the uncertainty that different parties feel. Third, the study shows
that appropriate communication and information provision helps to gain social support. Also, design

advice is given in chapter 5.2.

5.5. Limitations and future research

There are still some limitations in the study. First, the collected interviews could be more
comprehensive. This kind of research is dependent on external parties. Favorably more stakeholders
from different categories could be interviewed. For example, more transport and industrial
companies. More parties were contacted, but these were not open for an interview or did not respond.
Secondly, the study is performed in the Northern Netherlands. Since laws and circumstances differ
elsewhere, the results may be more valid for European Union countries. Third, the study is qualitative.

This increases the possibility of subjectivity from the researcher and respondents.

The study brings several possibilities for further research. Such as the investigation of the business

model feasibility of a hydrogen airport ecosystem. Including demand and production volumes of the
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system. Also, a quantitative comparison between a centrally organized and a decentralized system is
needed. Furthermore, since the development of such systems is immature, more research on further
development stages is needed. Such as the development of h-GSE and transport applications.
Moreover, future research can focus on different worldwide regions to comprehensively understand
regional contexts. For example, a multiple case study including various airports in the world. Lastly,

further research could include a survey for civilians to understand social acceptance better.
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6. Conclusions

Transformation of the transport sector is required to achieve zero-emission targets. Hydrogen has a
high power density and is suitable for storing renewable energy. Therefore, hydrogen is highly
appropriate for landside airport applications. However, there are significant challenges that impede
the adoption of hydrogen. This paper investigated the role of an airport in developing a local hydrogen

ecosystem. Collaboration and stakeholder involvement is essential to implement such a system.

Hydrogen will play a significant role in the future energy mix. However, it should not be used for
applications better suited for direct electricity. It is challenging to realize a feasible business model.
Therefore, subsidies and demand from nearby industries are needed. Stakeholders are willing to

participate, but they face various barriers. Moreover, barriers are interdependent.

Economic barriers include high investment costs, high operational costs, business model feasibility,
and gaining subsidies. Hydrogen cannot compete with fossil fuels, but this is expected to change by
2040. Technical barriers are a lack of infrastructure, knowledge skills, and the need for applications.
The hydrogen supply chain is immature and significant investments are needed. Political and
regulatory barriers include a lack of regulation and standards, government knowledge, and
complicated regulatory procedures. The government is crucial in market development and reducing
uncertainty. Social and environmental barriers are lack of public knowledge, safety concerns, and

airport resistance. Social acceptance is controversial, for example, due to airport nuisance.

The paper provides learning points and design recommendations for policymakers and small airports
with their stakeholders. These include two pathways focused on net-zero emission targets. One until
2030 and one until 2050. Airports should realize the required infrastructure for a hydrogen ecosystem.
The government has a crucial role since subsidies, and stable policy plans are required. Municipalities
need proper support regarding permits and spatial decisions. Appropriate communication is required
to gain social acceptance. Moreover, sustainable aviation practices help to realize social acceptance.
The advice is beneficial for small airports. Although significant challenges exist, hydrogen is

promising for realizing net-zero targets.
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Appendix 1  Extended coding tree
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