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Acronym Meaning 
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FC Fuel Cell 
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RNP Required Navigation Performance 

RTHA Rotterdam The Hague Airport 

VTOL Vertical Take-Off and Landing 

WP Work Package 
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Executive Summary 
The required infrastructure, operational procedures and impact on costs and flight schedule of 

introducing electric and hydrogen aircraft are studied in detail for the horizon years 2030, 2040 and 

2050 and for a regional and a hub airport. For this purpose, the most prominent hydrogen and 

electric aircraft entering into service up to 2050 are considered. In addition, different supply chains 

for hydrogen are taken into account, depending on the airport size and horizon year. 

The base year for the case studies of part II is 2019, for which real traffic data from two Dutch 

airports, namely Rotterdam The Hague Airport (RTHA) and Schiphol (SPL), as examples of 

regional and hub airports, respectively. The traffic for the horizon years is obtained using a fleet 

replacement model that considers, among other things, the fleet age, upcoming hydrogen and 

electric aircraft, traffic growth and expected share of flights by hydrogen and electric aircraft. The 

number of movements per year is shown in table 1.  

Table 1. Number of flights per year estimated for hydrogen and electric aircraft departing from a regional and a hub 
airport in 2030, 2040 and 2050. 

Power Source Airport Type 
Number of Movements 

2030 2040 2050 

Hydrogen 
Regional 169 4666 8238 
Hub 8796 91213 99483 

Electric 
Regional 196 673 826 
Hub 81 638 857 

  

From the obtained traffic forecast, the electricity and liquid hydrogen (LH2) demand required to 

attend the flight schedules of hydrogen and electric aircraft at minimum delay (constrained by cost 

limits), as well as the associated costs of the input energy and its transportation to the airport, the 

on-site infrastructure, operations & maintenance, are calculated. For this, an extensive literature 

research is performed, charging and refuelling times are calculated depending on the aircraft and 

flight mission and a flight schedules optimization model is developed. 

The electricity and hydrogen demand estimated at the horizon years for the regional and hub airport 

studied are summarized in table 2. The calculated annual demand of hydrogen can be used to 

support the choices of the infrastructure in the case studies. In 2040 and 2050, at the hub airport, 

liquefaction is performed on-site and pipelines are used to distribute LH2 within the airport. In the 

other case studies (regional all horizon years and at the hub airport in 2030), liquefaction is 

performed off-site and trucks are used to transport LH2 from the storage to the aircraft. This is 

because an extra-large liquefaction plant, yielding the smallest liquefaction costs, requires a 

demand of at least 115,000 tonnes of LH2 per year (Hoelzen, et al., 2022). In addition, investing on 

pipelines (plus dispensers) are only cheaper than trucks for demands larger than about 110,000 

tonnes of LH2 per year (Hoelzen, et al., 2022). 
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Table 2. Summary of energy requirements to implement refuelling of hydrogen aircraft and charging of electric 
aircraft at a regional and hub airport. 

Power Source Airport Type 
Electricity [MWh/year] LH2 [t/year] 

2030 2040 2050 2030 2040 2050 

Hydrogen 
Regional 4.1 2030 2790 20 9990 13,700 
Hub 340 730,000 800,000 1650 114,000 125,000 

Electric 
Regional 450 1460 2210 - - - 
Hub 53 1030 1530 - - - 

 

The electricity demand for charging electric aircraft in 2030 of about 50 MWh and 450 MWh for the 

hub and the regional airports, respectively, increases considerably to 1530 MWh and 2210 MWh 

by 2050. Refuelling hydrogen aircraft in the regional airport requires electricity to operate the 

cryopumps. This is relatively small in 2030, but compare to that needed for charging electric aircraft 

in 2050. The largest electricity demand by far is at the hub airport in the years of 2040 and 2050 of 

730 and 800 GWh, respectively. This is due to liquefaction of hydrogen, which requires about 6 

kWh per kg of LH2. 

As shown in table 3, when the costs are compared on the same energy basis (here chosen one 

kilogram of LH2 equivalent1), the costs of charging electric aircraft in 2040 and 2050 are about twice 

that of refuelling hydrogen aircraft for the regional airport and about three times for the hub airport. 

New demand due to electric air taxi has not been included in this report and they could play an 

important role for making electric aircraft more economically attractive. In a hub airport, 

implementing hydrogen refuelling costs about 372 million euros per year by 2050, but only € 3.0 

per kilogram of LH2 refuelled. This is comparable to the cost of jet fuel in 2022 of € 3.2 per kilogram 

of LH2,eq (IATA fuel monitor, 2022). In a regional airport, the total costs are about 15% that of the 

hub airport, while the costs per kg(LH2,eq) are 36% larger. 

Table 3. Summary of costs to implement refuelling of hydrogen aircraft and charging of electric aircraft at a regional 
and hub airport. The values are averages of the results presented in part II of this report.  

Power Source Airport Type 
Annual Costs [€] Costs per kg of LH2,eq 

2030 2040 2050 2030 2040 2050 

Hydrogen 
Regional 256,000 45,700,000 55,300,000 12.8 4.6 4.1 
Hub 9,000,000 381,000,000 372,000,000 5.5 3.3 3.0 

Electric 
Regional 241,000 416,000 555,000 17.7 9.5 8.4 
Hub 39,000 311,000 410,000 24.4 10.3 9.0 

 

The analyses performed indicated that the fixed cost component for charging electric aircraft 

(chargers) is dominant in 2030 (60-80% when considering the annual demand). This is because of 

the low demand predicted of about 80 and 200 flights per year for the hub and regional airports, 

                                                   
1 Euros per kilogram of LH2 equivalent, that is, for the same energy content as in 1 kg of LH2 (120 MJ and about 
three times more energy than contained in one kilogram of kerosene) 
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respectively. The variable costs (electricity) become increasingly important with time, comprising 

about 70% of the annual charging costs in 2050. In case of refuelling hydrogen aircraft, liquid 

hydrogen costs comprise the highest share of the total costs in the regional airport (about 95%) in 

2040 and 2050, while gaseous hydrogen costs represent about 50% of the costs in the hub airport 

for the same years, followed by liquefaction costs (including electricity) of about 45%.  

In case of 2030 at the hub airport, liquefaction is considered to be off-site and the cost of liquid 

hydrogen is about 92% of the total annual costs. The remaining of the costs are mainly that of 

cryogenic pumps. At the regional airport, using low cryopump mass flows at the cost of larger 

refuelling times can substantially reduce the fixed costs of refuelling hydrogen aircraft. However, 

due to low demand of hydrogen aircraft in 2030, the fixed costs (including trucks, cryopumps and 

storage) are still considerably large, amounting to about 60% of the total costs. 
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I. PART I 
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 Introduction 
Work package 2 ‘energy supply of future aircraft’ aims at building a strong facilitating role for 

airports, thereby lifting barriers in charging infrastructure and hydrogen fuelling of aircraft. 

Furthermore, this work package is building knowledge and operational experience with the 

development of three demonstrations. Ultimately, by developing and eventually demonstrating 

these new technologies, current regulations for aircraft and airports are challenged, aiming for an 

acceleration of implementation of electric and hydrogen powered aviation. 

This report comprises the results of task 2.1 ‘feasibility study’ of work package 2 of the TULIPS 

project. The task assesses the feasibility of demonstrating the new technologies that have to be 

developed over the course of the project. The inputs of the assessments are the results of several 

workshops tailored to airport operation and facilitation of the demonstration activities. Besides, 

safety assessments are done for each demo, including a validation for the fellow airports. The 

output of the operational workshops and the safety assessment have led to the initial project plans 

for the development cycle of the demonstrations that will start after the deadline of this deliverable. 

Looking into the future, the impact on operations, infrastructure and costs are assessed for both 

regional and hub airport for the case that electric and hydrogen powered aircraft are introduced. 

More specifically, the task T2.1 is specified by the Grant Agreement (GA) as follows: 

 Identify internal organizational bodies that will be main responsible for activities, and 

communication protocols and procedures needed for the execution of demonstrations. 

Identify non-anticipated technical, organizational, or regulatory barriers and identify 

appropriate mitigation (SNBV). Validate assessment SNBV in another geographical area 

(AVINOR) 

 Performing safety assessment of WP2 three demonstration activities (NLR, supported by 

SIN-EN) 

 Validation of safety assessment and identified procedures at Fellow airport to ensure 

robustness and generality of suggested procedures and possibly uncovering needs for local 

adaptions (SINTEF) 

 Mapping of changes in infrastructure and operations related to the implementation of 

(hybrid-)electric and hydrogen aviation at airports, including scheduling and cost aspects 

(NLR) 

This report is structured into two distinct parts: 

 Part I: Provides an overview of the foreseen demonstrations, which airports will be used for 

the demonstrations and develops an initial safety assessment 

 Part II: Provides an overview of some quantifiable parameters with regards to electric and 

hydrogen flight and includes an economic forecast model 
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 Demonstration descriptions 
This chapter gives an overview of the demonstrations that are going to be developed in Task 2.2, 

Task 2.3 and Task 2.4. Based on the airport assessments a high-level demonstration setup is 

developed. These demonstration descriptions have also served as a basis for the Safety 

Assessment and Validation that is part of the current deliverable. 

 Demonstration ‘Unattended charging’ 

Currently there are no guidelines on how to charge an electric aircraft unattended. In fact, attended 

charging is a regulatory requirement, therefore making impractical most of the ground charging 

operations. 

It is stated in the pilot's operating handbook (POH) of the Pipistrel Velis Electro to “not leave [the 

aircraft] unattended, unless alternative means are in place”. This was written to leave room for 

possible alternative means in the future without having to change the POH. To date, there are no 

alternative means available, effectively making it impossible to leave the aircraft unattended while 

charging. However, the TULIPS project should pave the way towards an alternative means. This 

will be showcased by a concrete demonstration of unattended charging, where all the 

developments of Task 2.2 will be tested. 

2.1.1 Test article 

The basis of the demonstration activities is the Pipistrel Velis Electro, an all-electric two-seat aircraft 

certified under the EASA-LSA category. Currently, the Velis Electro is the only electric aircraft 

certified in the world.  

The Velis Electro is arranged as a high wing monoplane with cantilevered wings and a conventional 

empennage with a T-tail. It has a tricycle landing gear. It is equipped with a Pipistrel electric engine 

E-811-268MVLC (TC No. EASA.E.234) and a three-bladed composite fixed pitch propeller P-812-

164-F3A by Pipistrel. Seats are arranged side-by-side with full dual flight controls and joint levers 

for throttle and flaps control. Access to cockpit is via two large gull-wing doors. There is no baggage 

compartment on the aircraft. Figure 1 shows the aircraft. 
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Figure 1 – Pipistrel Velis Electro aircraft 

 

The Velis Electro is charged by dedicated chargers developed by Pipistrel. At the time of writing, 

two battery chargers are compatible with Virus SW 128: the stationary type named Skycharge 40 

and a mobile version named Skycharge M20.  

For the demonstration activities, a Skycharge M20 charger will be utilized. Pipistrel will deliver the 

Skycharge M20 (including an internet connection) for the demo. Figure 2 shows a Velis Electro 

connected to the charger. 
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Figure 2 – Pipistrel Velis Electro connected to a Skycharge M20 charger 

 

2.1.2 Objectives of the demonstration 

The overall objective of the demonstration is to show that unattended charging of an electric aircraft 

can be done in a safe way.  

Safety of electric aircraft is already granted by the certification process, therefore the scope of the 

demonstration is not to show that electric aircraft are safe, but to develop safety features in order 

to enable unattended charging at airports. In essence, the final objective of the demonstration is to 

develop features to protect the aircraft from what it is not designed to handle. 

In order to enable unattended charging at airports, it must be ensured that an independent charging 

surveillance system is capable of detecting any anomaly during the charging process. Therefore, 

the main objective of the demonstration is the development of an alerting system totally 

independent from the aircraft, owned and operated by the airport. 

The following sensor solutions are expected in the demonstration: 

 A smart electric charger. For the demonstration activities, a Skycharge M20 charger will be 

utilized. Pipistrel will deliver the Skycharge M20 (including an internet connection) for the 

demo. This will make detection and communication of any anomaly in the charging process 

possible. Thanks to the internet connection, it will be possible to share relevant data with 

third parties, like the Airport Authority and/or Fire Brigade 

 A smart camera system – provided by Bosch Security Systems – is installed next to the 

demonstration site. Camera information can be used to detect: 
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 Fire and smoke 

 Persons/vehicles entering the charging area 

 Aircraft registration (if necessary) 

The above situations can be shared with relevant parties on the airport, like Airport Operations 

and/or the Airport Fire Brigade. 

 Demonstration ‘Modular charging’ 

In order to identify and demonstrate the potential use cases and risks on charging of the (hybrid) 

electric aircraft, the modular charging system demonstration is established by TULIPS. Moreover, 

the demonstration represents future proof for innovative and sustainable technology for charging 

infrastructures with lower emissions at airports. By demonstrating various charging scenarios for 

the (hybrid) electric aircraft with a modular charging system, the impact on the power grid at the 

airport as well as the operational safety regarding charging the (hybrid) electric aircraft are 

identified. 

The modular charging system demonstration development aims to design and manufacture a 

modular Energy Storage System (ESS) with a charging system to measure and quantify the 

operational impacts of simultaneous charging of various electric aircraft across European airports. 

In addition to the EASA certified battery modules, the modular charging system contains electrical 

interface which provides access to configure the modules in series or in parallel to generate the 

capacity of hundreds of kWh and voltage ranges 400–1600 V. The modular charging system is also 

utilized to understand the impact of the system on the airport’s ground infrastructure such as the 

electrical grid. The system is capable of charging multiple ESS with the help of the multiple charging 

ports. This enables the operator to simulate either high or low-capacity ESS charging. On top of 

that, the ESS are charged simultaneously using the electrical interface to simulate real world 

scenario,  such as charging of multiple smaller electric aircraft arriving at the airport charging station 

at the same time. 

The modular charging demonstration will be performed both at Rotterdam the Hauge Airport 

(RTHA) and Oslo Airport. The demonstration locations are similar to the locations that are chosen 

for the Unattended charging demo. A brief description of the demonstration location is given in 

section 4.3.4.  

 

 Demonstration ‘Airport facilitated hydrogen flight’ 

Within the framework of the TULIPS project, a demonstration will be given of the full turnaround of 

a hydrogen powered aircraft, including refuelling of liquid hydrogen at an operational airport. This 

demonstration is planned to pave out the way for airports to use LH2 on their premises. In other 
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words: a real case to learn about the supply chain (distribution, use, storage, and dispensing) of 

LH2 on and around an active airport 

The setup consists of a hydrogen driven drone which is powered by a fuel cell on liquid hydrogen. 

Part of the development of the demonstration is the development of liquid hydrogen ground 

infrastructure that is to be used to (re)-fuel the drone. A liquid hydrogen storage vessel is being 

developed and will be used in the demonstration. This vessel will have the capability of getting filled 

by a standard fuel truck and fill other smaller tanks with the stored liquid hydrogen.  

The objectives of this demonstration activity are: 

 Getting insight in the needed infrastructure changes at airports, safety features and the 

environmental permits that need to be obtained (locally). 

 Getting insight in operational processes in the entire supply chain of H2 at an airport. From 

H2 on the premises to storage to dispensing. 

 Have the process copied for other future H2 driven a/c and getting as closely as possible 

to a 'real' situation with this entire operational process. 

 Getting insights into a representative (on small scale) turnaround of (L)H2 aircraft. 

 Getting insight in safety aspects regarding (L)H2 turnaround processes. 

 

Figure 3 Illustration of LH2 storage location at NLR Marknesse premise 
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 Airport Assessments 
This chapter gives an overview of the airport assessments that have been carried out for the 

execution of the demonstrations. The following have been identified for the Lighthouse Airport: 

 Organisational bodies that are main responsible for the demonstration activities 

 Communication protocols and procedures for the execution of the demonstrations 

 Non-anticipated technical, organisational or regulatory barriers 

 Mitigation measures 

The Fellow Airport has validated the outcome of the Lighthouse’s assessment for a different 

geographical area. 

 Assessment of Rotterdam The Hague Airport (Lighthouse) 

Being part of the Lighthouse, Rotterdam The Hague airport (RTHA) is a major regional airport in 

the south-west of the Netherlands. The airport is ATC controlled, has an international network, and 

provides ILS and RNP precision approach capability on both ends of the 2200 m runway. It handles 

a mix of commercial jet traffic and a range of rotorcraft and fixed-wing general aviaion air 

operations. 

In order to safely and successfully prepare and execute the demonstrations at RTHA, the most 

important stakeholders at the airport need to be involved early on in the planning. These 

stakeholders include:  

 Airport Operations 

 Airport Fire Brigade 

 Airport Security  

 Airport Development (assets). 

 Compliance Monitoring Group 

 Local authorities – DCMR and Gemeente Rotterdam 

 Dutch energy grid operator Stedin 

Airport Operations is responsible for all the processes involved at RTHA to ensure smooth and safe 

operations on the airport itself and for operating the airport within the EASA and ICAO compliancy 

norms.  

The Airport Operation staff have knowledge on which aspects of the demonstrations are possible 

at RTHA and which location(s) might be best suitable for the execution. They take current regulation 

and (local) procedures into consideration, and can guide in selecting the initial demonstration 

location(s) on the airport itself. 
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Continuity of the airport operations while executing the demonstrations safely remains an important 

goal. It is therefore necessary to assess any potential fire risk and operational continuity risks 

together with the Airport Fire Brigade at an early stage in order to evaluate the most suitable 

location(s) for the execution of the demonstrations. 

The Compliance Monitoring Group (CMG) is responsible for compliance with Regulation 139/2014 

(requirements and administrative procedures related to aerodromes) and underlying EASA 

regulations. This group helps guiding the process of any changes that need to occur. Involving and 

consulting the CMG is necessary as most of the demonstrations either involve procedural or safety 

changes, or changes in the airport infrastructure. The CMG at RTHA consists of a group of different 

professionals that have knowledge in different domains, such as installations, fire safety, operations 

and IT. 

The demonstrations at the airport either fit within an existing (local) procedure, or require a new 

procedure or change. In both cases a safety assessment for the demonstrations is needed, which 

might lead to a 'request for change'. The CMG needs to be informed about any changes on the 

airport. An 'EASA request for change' initial document – with the scope of the change, 

organisational changes and infrastructural changes – will be shared with the CMG.  

All three demonstrations require a safety assessment. The risk views and reports that have been 

carried out by third parties (NLR, SINTEF, etc.) can be used as input for the safety assessment. 

The assessment will be evaluated by the members of the CMG. The members can ask for any 

revisions if needed. If disapproved, a renewed version of the safety assessment (with focus on the 

parts that need adjustments) needs to be presented to the CMG. The complete CMG needs to 

approve the safety assessment after which the Safety Manager signs the safety assessment or 

comes back with conclusions.  

Local authorities need to be involved in order to obtain the necessary environmental permits. In 

this case it will be for the use of (liquid) hydrogen on the airport premises. In the Rotterdam region, 

the authority body is the DCMR. The DCMR prepares the permits for companies, gives advice on 

air quality, soil, noise and safety, and advises municipalities on the environmental aspects in spatial 

plans. Once it is clear which (amount of) dangerous goods will be used at which location on the 

airport premises, the local authorities can be informed. 

The airport is responsible for the safety on airside and monitors third parties that are active on the 

airport (for instance fuel suppliers), keeping EASA and aerodrome regulations in mind. For the 

demonstrations, it could be possible that local regulations (imposed by local authorities) will find its 

way into the demonstration procedures. Either the local regulator or RTHA will be given the 

responsibility to monitor these procedures on the airport. 

Both the Unattended Charging and the Modular Charging demonstration requires sufficient access 

to the energy grids. As the demonstrations have an impact on the airport's grid capacity, 
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involvement of the responsible airport staff for airport installations and the energy grid operator is 

needed. Lead times at the Dutch grid operator Stedin (active in the Province of South-Holland) for 

implementation is up to 6-12 months. It is therefore necessary to forecast the energy demand at 

the airport for the upcoming years and to match this with the energy supply. If the grid capacity to 

supply the needed energy is insufficient, grid capacity needs to be expanded. 

Any investments in assets (e.g. charging infrastructure, sensor systems or storage) need to be 

addressed to and aligned with personnel that are involved in the airport (master) planning. Budgets 

must be allocated in order to guarantee the execution of the needed development work. In the case 

of the demonstrations, this mostly involves investments in grid expansion, charging infrastructure, 

external sensors and ground infrastructure.  

The airport IT department needs to be involved in order to realize the IT infrastructure (e.g. ethernet) 

for the charging and sensor infrastructure. Next to that, different data sources need to be connected 

to the operational platform that Airport Operations is using. The same holds for the emergency 

systems that need to receive data in case any anomaly in the charging is detected. 

The above mentioned processes and safety assessments are for general use, covering the 

procedures for the demonstrations. On the demonstration execution day, the demonstration needs 

to fit with the day-to-day operations on the airport. This would also require more involvement of 

Airport Security on the demonstration day(s) itself. 

The airport security needs to be notified in advance of the execution date(s) of the demonstrations 

and any necessary personnel and/or vehicles need to be registered in order to enter the airport 

premises.  Before that, involvement in selecting a 'security proof' location for the demonstrations is 

useful, considering that some locations entail higher security risks (SRA-CP, near-fence locations 

etc.). Airport security should also check which tools will be used for the demonstrations. This might 

require additional security (checks). 

The LH2 delivery truck needs to be escorted over the airport premises (unless the driver has an 

airport pass with L1 driver competence). Airport Operations has control over issuing L1/L2 passes. 

For the demonstration execution, escorting over the airport premises is preferred. Visitors shall be 

accompanied by airport staff during the demonstration execution. At crucial moments during the 

demonstrations, for instance the dispensing of LH2 to the drone, the start/stop of the flight of the 

drone (or any other crucial activities mentioned in the safety assessments), the guidance of Airport 

Operations could be required.  

As the demonstrations in WP2 take place at Rotterdam The Hague Airport, an airport assessment 

of the situation at SNBV (Schiphol) should be included as well. This would give insights of the 

situation at a major hub airport as compared to a regional airport. 
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 Assessment of Oslo Airport Gardermoen 

Avinor Oslo Airport (OSL) is one of the fellow airports in TULIPS. OSL is the main aviation hub in 
Norway welcoming approximately 20 million terminal passengers annually. The airport has two 
parallel runways, is ATC controlled and provides ILS and RNP precision approach capability. 
 
Demonstration taking place at OSL is for the time being planned to be Unattended charging (task 
2.2) and Modular charging (task 2.3).  
 
In order to safely and successfully prepare and execute the demonstrations at OSL, the most 
important stakeholders at the airport need to be involved early on in the planning. These 
stakeholders include:  
 

• Airport Operations 
• Airport Fire Brigade 
• Airport Security 
• OSL Real estate department (OSL Eiendom og komersiell) 
• Airport Infrastructure and Technology 
• OSL IT department 

 
The Unattended charging demonstration (task 2.2) is planned to take place outside Hangar 8. 
Hangar 8 has since 2018 already had a charging point for Avinor and Norwegian Air Sports 
federation’s Pipistrel Alpha Electro. The Alpha Electro was replaced by a Pipistrel Velis Electro in 
2021. The hangar has office facilities and ethernet is installed.  
 
Modular charging demonstration (task 2.3) is also planned to take place outside Hangar 8. 
Approximatelty half of Hangar 8 is currently being used for charging Avinors airside battery electric 
buses. 350kW chargers are already installed, but utilisation of this infrastructure will require 
planning because the buses are used daily in the airport operations. Furthermore, OSL is currently 
planning to expand charging infrastructure at the airport. Thus, when the Large scale modular 
charging demonstration will take place in july/august 2024, there could also be other suitable 
loations for the demo at OSL.  
 
Airport Operations is responsible for all the processes at OSL to ensure smooth and safe operations 
on the airport itself and for operating the airport within the EASA and ICAO compliancy norms. The 
Airport Operation staff have knowledge on which aspects of the demonstrations are possible at 
OSL and which location(s) might be best suitable for the execution. They take current regulation 
and (local) procedures into consideration, and can guide in selecting the initial demo location(s) on 
the airport itself.  
 
Continuity of the airport operations while executing the demonstrations safely remains an important 
goal. It is therefore necessary to assess any potential fire risk and operational continuity risks 
together with the Airport Fire Brigade at an early stage in order to confirm that hangar 8 is the most 
suitable location for the execution of the two demonstrations. 
 
Although the Pipistrel Velis Electro has already been charged outside hangar 8, both 
demonstrations require a safety assessment. The risk views and reports that have been carried out 
by third parties (NLR, SINTEF, etc.) can be used as input for the safety assessment.  
 
Environmental permits from local authorities will probably not be needed as the location is already 
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being used for charging.  
 
If required charging power exceeds the already installed 350 kW chargers, or the charging capacity 
can not be used, a new assessment will be needed.  
 
The airport is responsible for the safety on airside and monitors third parties that are active on the 
airport (for instance fuel suppliers), keeping EASA and aerodrome regulations in mind. Hangar 8 is 
located in the same areas as the OSL central fuel farm for Jet A1.  
 
Any investments in assets (e.g. adjustments to charging infrastructure, sensor systems or storage) 
need to be addressed to and aligned with personnel that are involved in the airport (master) 
planning. Budgets must be allocated in order to guarantee the execution of the needed 
development work. In the case of the demonstrations.  
 
The airport IT department needs to be involved in order to realize the IT infrastructure (e.g. ethernet) 
for the charging and sensor infrastructure. This might not be relevant if the charging solutions 
requitre 4G/5G network. Next to that, different data sources need to be connected to the operational 
platform that Airport Operations is using. The same holds for the emergency systems that need to 
receive data in case any anomaly in the charging is detected. 
 
The above mentioned processes and safety assessments are for general use, covering the 
procedures for the demonstrations. On the demonstration execution day, the demonstration needs 
to fit with the day-to-day operations on the airport. This would also require more involvement of 
Airport Security on the demonstration day(s) itself. 
 
The airport security needs to be notified in advance of the execution date(s) of the demonstrations 
and any necessary personnel and/or vehicles need to be registered in order to enter the airport 
premises.  Before that, involvement in selecting a 'security proof' location for the demonstrations is 
useful, considering that some locations entail higher security risks (SRA-CP, near-fence locations 
etc.). Airport security should also check which tools will be used for the demonstrations. This might 
require additional security (checks). 
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 Safety Assessments 
Safety Assessments are carried out for each of the demonstrations. The safety assessments in this 

report should be considered as initial assessments, as the demonstrations are in a concept state 

at this stage of the project. The initial safety assessment is used as input for the development stage 

of the demonstrations. It acts as a baseline for the remainder of the project and will be updated 

during the development stage of the demonstrations.  

The chapter is structured as follow: first, the methodology of the safety assessments is presented. 

Second, the actual assessments of each demonstration are described, with high-level results; 

detailed results are collected in Appendix B: Safety assessments. Third, the validation of the 

assessment for the case of Fellow Airport Oslo Gardermoen is made. The chapter finishes with a 

conclusion. 

 Methodology safety assessment charging demonstrations 

For the safety assessment of the TULIPS electric charging demonstrations, the methodology is 

adapted from the NLR Flight Test Operations Manual (NLR OM Part X v2.0), which is based on 

ICAO doc 9859 Safety Management Manual. Although the NLR flight operations department 

applies this safety assessment methodology to inflight research trials, the methodology is not 

restricted to this and can be used for ground-based tests and demonstrations involving stationary 

vehicles or equipment.  

The safety assessment consists of the following steps: 

1. Definition of the operation; 

2. Identification of hazards  

3. Definition of the severity level of each hazard / scenario; 

4. Definition of the probability of each hazard/scenario; 

5. Determination of the risk of the identified hazard / scenario; 

 If needed (depending on the risk) 

6. Identification of mitigation measures (risk control measures); 

7. Assessment of the effectiveness of mitigating measures; 

8. Define the final risk of each hazard (scenario); 

9. Determine the final risk classification. 
 

The hazard classification and risk mitigation approach are elaborated in the next section. 
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4.1.1 Hazard classification 

The different hazards are classified according to the following levels:  

Table 4. Hazard classifications 

Severity categories Catastrophic, hazardous, major, minor 
Probability levels Frequent, probable, occasional, remote, improbable 

 

The severity and probability classifications are provided below. 

4.1.2 Hazard severity level – Battery charging 

In the assessment of the severity level of a hazard (scenario) the following table provides guidance 

in the selection of the appropriate severity level. Four severity categories have been defined 

qualitatively: catastrophic, hazardous, major and minor. The severity assessment shall always 

consider the worst credible outcome. Hazards can be expressed in different terms, e.g. damage to 

equipment, injuries to persons, demonstration results or financial impact. The table below can only 

provide guidance in the assessment of the severity level. 

Table 5. Hazard severity levels 

 

4.1.3 Probability classification – Battery charging 

The probability classification in the safety risk matrix is as follows (derived from ICAO Doc 9859 

AN/474 v4 2018): 

Table 6. Probability classification 

Likelihood Meaning 
Frequent Likely to occur during a project (has occurred frequently) 
Probable May occur during a project (has occurred infrequently) 
Occasional Unlikely to occur during a project, but possible (has occurred rarely) 
Remote Very unlikely to occur during a project (not known to have occurred) 
Improbable Almost inconceivable that the event will occur during a project 

 

  

Severity level  Effect on aeroplane, personnel or test 
Catastrophic Failure of the demonstration. Hull or equipment loss. 

Damage beyond repair or unrecoverable. Loss of life 
Hazardous  Partial failure of the demonstration. Large reduction in functional 

capabilities or safety margin. 
Repair of aircraft / equipment structure or motors required. 
Serious injury.  

Major Degraded or only limited demonstration results. Significant reduction in 
functional capabilities or safety margins. Repair of aircraft parts or 
systems required. Injury. 

Minor Minor effect on demonstration results. Slight reduction in functional 
capabilities or safety margins. Repair of parts 
or systems according to normal schedule. 
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Safety risk matrix 

The safety risk matrix combines the severity and probability for a hazard and provides an indication 

of the associated risk.  

Table 7. Safety risk matrix example (based on determination of frequency and severity) 

 Severity 
Probability Catastrophic Hazardous Major Minor 
Frequent High High Medium Low 
Probable High High Medium Low 
Occasional High Medium Low Low 
Remote Medium Low Low Low 
Improbable Low Low Low Routine 

 

NOTE: When it is not possible to determine a frequency class, or when an agreement by the experts 

on the application of the frequency class cannot be reached, it is recommended to apply the method 

based on the effectiveness of mitigation measures in the following paragraph.  

This does not preclude the use of mitigation measures even if the initial risk has been assessed as 

acceptable, assuming that an already acceptable level of safety is not impacted by an added 

mitigation measure. 

4.1.4 Evaluation of battery charging risk mitigation measures 

Based on the outcome of the risk assessment based on probability and severity, it may be beneficial 

or necessary to investigate mitigating measures that could be applied. These additional measures 

may need to be taken to mitigate a potentially unacceptable risk. Before selecting such measures, 

it is necessary to re-assess the entire operation with the proposed measures in place to assure that 

these measures do not increase the risk level. The effectiveness of the measures is described 

qualitatively in the following table.  

Table 8. Effectiveness of risk control measures 

Effectiveness Description 

Effective Good mitigation measures available. Intervention is possible and expected 
to be successful. Failure of the mitigation measures is very unlikely 

Limited Some mitigation is achieved, but with a remaining safety margin. Failure of 
the mitigation measures is unlikely 

Minimal One mitigation measure and small remaining safety margin. Small risk of 
failure of the mitigation measure. 

Ineffective No measure or failure of mitigation measure is likely 
 

When mitigation measures are considered to be put into place, a re-assessment of the resulting 

risk can either be made based on: 

 the further decrease in probability (see Table 7) or; 
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 the assessment of risk based on the effectiveness of the mitigation measure on the severity 

as shown in the table below. 

There are therefore 2 ways of assessing a mitigation measure, either based on providing a reduced 

probability of occurrence, or alternatively, based on expert judgement, by means of assessing 

effectiveness. Is should be noted that it can be logically assumed that any (required or not) 

mitigation measure taken will provide risk reduction and should not deteriorate the original situation. 

Table 9. Risk mitigation table (based on the effectiveness of mitigation measures) 

 Severity 
Effectiveness 
of mitigation 
measures 

Catastrophic Hazardous Major Minor 

Ineffective Unacceptable Unacceptable Acceptable 
under 
conditions 

Acceptable 

Minimal Unacceptable Acceptable under 
conditions 

Acceptable 
under 
conditions 

Acceptable 

Limited Acceptable under 
conditions 

Acceptable under 
conditions 

Acceptable Acceptable 

Effective Acceptable Acceptable Acceptable Acceptable 
 

Notes:  

 A “high” rating in table 9 implies that the mitigation measure is not acceptable. A medium 

rating indicates that a satisfactory risk reduction is achieved, but efforts should be taken to 

further reduce the risk 

 Table 9 involves a subjective assessment of the effectiveness. 

 Risk will be monitored for risk growth and to capture lessons learned 

 Methodology safety assessment hydrogen demo 

NLR’s plan to fly with liquid hydrogen is currently under development. Therefore the following safety 

assessment can be considered as a preliminary version of the safety assessment. Before the 

demonstrations at RTHA, tests will be conducted at the NLR Dronecentre which include a safety 

assessment. The lessons learned will then be used and implemented in the final safety assessment 

for the demonstration at RTHA.  

Several hazards are already identified and must therefore be analysed and mitigated if needed. 

This is done by applying a risk assessment method. The risk level is calculated by combining the 

probability and severity of a failure. It is essentially identical to the method used for the charging 

demonstration safety assessment (paragraph 5.1). The following tables will be used in this respect. 
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Table 10 Probability levels 

 Probability Meaning Value 
Frequent Several times per season – certainty 5 

Occasional A couple of times per season/ likely 4 
Remote One time per season or per two seasons/ possible 3 
Improbable Not known to have happened earlier, one time in five years/ slight 2 
Extremely 
Improbable 

Almost inconceivable that it will ever occur / unlikely 1 

 

Table 11 Severity levels 

Severity Meaning Value 
Catastrophic Material destroyed, fatality/fatalities 5 
Hazardous Safety margins have been seriously affected, serious injuries, 

substantial damage to material  
4 

Major Safety margins have been affected, serious incidents, injuries, 
damage to material 

3 

Minor Emergency procedures are used, aircraft limits have been 
exceeded, incident, causes minor inconveniences in the 
programme 

2 

Negligible Few consequences 1 
 

Combining the probability and severity tables results in the following risk matrix: 

Table 12. Risk matrix 

Risk 
(probability x severity) 

Negligible  
1 

Minor 
 2 

Major 
 3 

Hazardous 
 4 

Catastrophic 
 5 

Frequent 
5 

5 10 15 20 25 

Occasional 
4 

4 8 12 16 20 

Remote 
3 

3 6 9 12 15 

Improbable 
2 

2 4 6 8 10 

Extremely Improbable 
1 

1 2 3 4 5 
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The outcome of the above table will be used as input for the following Table 13 and it will be 

reviewed whether measures are necessary to mitigate the probability of the risk: 

Table 13 - Outcome of multiplication overview 

multiplication Criteria 
15-25 Intolerable risk under the current circumstances, mitigation measures are 

necessary to lower the risk 
6-12 Tolerable risk, the board can demand that (extra) mitigation measures 

may still be necessary. Risk will be monitored for risk growth 
1-5 Acceptable risk. Risk will be monitored for risk growth 
 

 Safety assessment of unattended charging demonstrations 

The two charging demonstrations are planned to be carried out on an operational medium-sized 

airport with busy traffic movements.  

For each of the identified hazards a severity level and an initial probability of occurrence have been 

assessed. The associated risk may require one or more mitigation measures to reduce risk to an 

acceptable level. The identified mitigation measures, even if not essential to reduce the risk to an 

acceptable level, are described with the resulting risk level for the associated hazard. Some of the 

hazards can be related to the unique nature of the specific research related aspects of the 

demonstration project. 

The two charging demonstrations each have their specific test scenarios to evaluate the safety of 

the overall setup. This implies that identified safety issues for the test setup will be covered during 

the development of the demonstration, and that adequate monitoring and alerting should be in 

place.  

While the test plans for the demonstrations are under development and not yet finalised at the 

moment of this report,  the identified hazards, failure scenarios and mitigation measures will be 

described in more detail in the respective test plans. The present overall safety assessment aims 

at assessing the impact of executing such a demonstration on an airport with regular air traffic 

movements, in addition to identifying issues related to each scenario. 

The following paragraphs discuss issues and hazards that could occur for each of the two charging 

demonstrations as well as common hazards. The hazards identified for the demonstration trials 

should be mitigated as part of the project. Therefore, the hazards identified below should be taken 

into account during the development of the test plans, and should be part of the test scenarios in 

order to evaluate effectiveness of the mitigation measures. 

4.3.1 Assessment of general hazards related to the charging demonstrations 

For both charging demonstrations, a number of issues and hazards have been identified that apply, 

independent of the chosen location. Table 14 provides a summary of the identified hazards, 
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effectiveness of possible mitigation measures and the resulting risk. A more detailed analysis is 

given in the hazard analysis tables in the appendix. 

Table 14 – Identified hazards for the charging demonstrations 

ID Hazard Severity Effectiveness of 
mitigations 

Risk 

T1 Failure in the demonstration setup, resulting in 
power outage on (part of) the airport 

major effective low 

T2 Demonstration test issues potentially resulting 
in a reduced firefighting capability to the regular 
airport operations 

major effective low 

T3 False alarms in the demonstration setup minor n/a low 
T4 Inadvertent unauthorised entry of personnel 

involved in the TULIPS demonstrations to other 
parts of the airport secure area. 

minor effective low 

T5 Networking issues (cabling, wireless or 4G) 
resulting in interruption of monitoring and 
alerting of the demonstration setup with 
undetected failures 

major effective low 

T6 Insufficient coordination of activities and 
subsequent incorrect handling of issues 

major effective low 

T7 Restricted access for rescue services 
 

major effective low 

 

4.3.2 Assessment of ‘Unattended Charging’ demo 

‘Unattended charging’ implies the charging of the Pipistrel Velis Electro aircraft without continuous 

local on-site human supervision of the charging process. The charging may be monitored and/or 

controlled remotely. 

The general safety of the electric aircraft and the technical aspects of the charging  is already 

granted by the certification process; therefore, the scope of the demonstration is to develop safety 

and security features in order to enable unattended charging at airports. These added safety 

features should allow undisturbed but monitored charging under (remote) surveillance without 

creating unnecessary restrictions around the aircraft charging site. The safety assessment in this 

section identifies hazards for unattended charging and the scenarios where these may occur. The 

associated risks and, if needed or additional, risk reduction measures have been evaluated. The 

list below provides a summary of the identified hazards for unattended charging, effectiveness of 

possible mitigation measures and the resulting risk. A more detailed analysis is given in the hazard 

analysis tables in  the appendix. 
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Table 15 – Identified hazards of the 'unattended charging' demo 

ID Hazard Severity Effectiveness of 

mitigations 

Risk 

U1 Unauthorised personnel entering the charging 

area 

major effective low 

U2 Unauthorised vehicles entering the charging 

area 

major effective low 

U3 Uncommanded motion of the aircraft and/or 

charger 

minor n/a low 

U4 Animals or birds affecting the charging process minor n/a low 

U5 External interruption of the power supply minor n/a low 

U6 Charging circuit overvoltage / power surge major effective low 

U7 Smoke or fire major effective low 

U8 Flooding of the charge area during heavy 

rainfall 

major effective  low 

U9 Failure of alerting/monitoring system 

associated with the charge process 

minor n/a low 

U10 No automatic stop of the charging process by 

the monitoring system, in case of necessity  

major effective low 

U11 Battery thermal runaway major effective low 

4.3.3 Assessment of ‘Modular Charging’ demo 

During modular charging, it is simulated that several aircraft are simultaneously charged. This 

implies simultaneous charging of large batteries and/or multiple batteries, to simulate future 

operations of multiple electric aircraft of different sizes.  

The modular charging will require a significant amount of electric power for charging large and 

multiple batteries. This might put unacceptable capacity demands on the local power grid if not 

properly managed.  

The safety assessment in this section identifies hazards for modular charging and the scenarios 

where these may occur. The associated risks and, if needed, risk reduction measures have been 

evaluated. The list below provides a summary of the identified hazards for modular charging, 

effectiveness of possible mitigation measures and the resulting risk. A more detailed analysis is 

given in the hazard analysis tables in the appendix. 
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Table 16 – Identified hazards of the 'modular charging' demo 

ID Hazard Severity Effectiveness of 

mitigations 

Risk 

M1 Insufficient water supply for the fire brigade in 

case of battery thermal runaway or fire 

hazardous effective low 

M2 Insufficient instructions to rescue services, 

airport authorities and other stakeholders 

major effective low 

M3 Rescue services faced with unexpected 

variety of specific power and battery 

installations  

major effective low 

M4 Prolonged duration of Lion battery fires  hazardous effective low 

M5 Danger due to toxic materials and pollution in 

case of fires 

hazardous effective low 

M6 Similar hazards as for the unattended 

charging scenario 

same similar same 

 

4.3.4 Location of the unattended / modular charging demonstration 

RTHA has selected the movement area and parking platforms in the South-West corner of the 

aerodrome as the location for the unattended and modular charging demonstration. An overview 

of the airport and the demonstration area is given in figure 4.  

 

Figure 4 – Satellite view of Rotterdam The Hague Airport with selected area for demonstrations (red box) 
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A cut-out of the airport picture indicating the selected area for the charging demonstration is 

provided in figure 5. This area is mainly used by the VliegClub Rotterdam (VCR, Flying Club 

Rotterdam), which also provides aircraft handling of visiting light GA aircraft. 

 

Figure 5 - Close-up of demonstration area 

The platform hosts a small fuel bowser to locally refuel the club aircraft. Not far from this platform 

(on the other side of the security fence) is the gate through which all (Jet-A) fuel trucks need to 

pass to enter the airside of the airport. It is intended to locate the electric charging connections at 

a suitable position around the platform. 

In order to host both the unattended and modular charging demonstration, a power outlet of at least 

80 kW of power and 4 plugs is required. The electric charger and connections need to be positioned 

at a safe distance from the refuelling positions. 

During the demonstrations there will be a mixed operation of both electric aircraft/modular battery 

charging as well as conventional GA aircraft refuelling in relatively close proximity.  

Table 17 Risks combined electric and regular GA 

ID Hazard Severity Effectiveness of 
mitigations 

Risk 

A1 Sparking at the charging location in 
combination with fuel vapours 

Hazardous Effective low 

A2 Fuel spillage during refuelling at the bowser 
leading to fire by the fuel vapours 

Hazardous Effective low 

A3 Taxiing aircraft colliding with (test) installations Major Effective low 

A4 Propwash – debris effects or damage to test 
installations 

Minor Effective low 
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4.3.5 Overall safety classification of the charging demonstrations 

An effort has been made provide a safety assessment of the planned demonstration on electric 

charging. This has been done by identifying potential hazards and issues based on the descriptions 

of the planned demonstrations, including the selected test scenarios.  

The table below provides an overview of the initial safety levels of the different hazards. 

Table 18 Initial safety levels 

 Severity  

Probability  Catastrophic Hazardous Major Minor 

Frequent      U2 U1 

Probable    M5 T5, U3, U6 T4, U5, U9 

Occasional    A2 T1, T6, U7, U8, M3, 
A3, A4 

  

Remote    M1, M4, A1 T2, T7, M2, U4, 
M11 

U10 

Improbable         

 

For those hazards, in the table above, that need mitigation measures the effectiveness has be 

evaluated. The assessment results of the mitigated hazards are shown separately in the table 

below. 

Table 19 Assessment results of mitigated hazards 

 Severity  

Effectiveness 
of mitigation 
measures  

Catastrophic Hazardous Major Minor 

Ineffective          

Minimal          

Limited      U2   

Effective    M5, A2 T5, U3, U4, U6*  

 

Based on the risk assessments and hazards analyses made in the previous section, the risk 

classification of the demonstrations, are considered LOW RISK, provided that mitigation measures 

are implemented and operational procedures are properly briefed with all concerned stakeholders 

at the airport.   

Certain measures or operational procedures still need to be developed to avoid interruptions, 

damage or disturbance of the regular airport operation. This implies a continuous development of 

the demonstration test plan, where any new safety arguments or additional unforeseen issues in 

addition to the initial safety assessment from the feasibility study should be taken into account.  
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 Safety assessment ‘Airport-facilitated hydrogen flight’ 
demonstration 

The methodology discussed in paragraph 5.2 will be applied to the airport-facilitated hydrogen flight 

demonstration. The demonstration will consist of the following steps: 

1. The dewar will be filled by the energy supplier truck using equipment owned and used by 

the NLR. 

2. The metal tank of the drone will be filled by the dewar using equipment owned and used by 

the NLR. 

3. The drone will fly with the filled metal tank  

4. The drone will land safely and refuel 

5. The drone will repeat the same flying manoeuvre performed in step 3 

6. The drone will land safely 

Hazards are identified which can be specific for the drone, the cryotank during handling, the dewar 

and the operational location. Each risk may require one or more mitigation measures. It should be 

noted that this demonstration but also the hardware is currently under development. This safety 

assessment should be considered as a preliminary version. Further detail will come at a later stage 

of the project. The following paragraphs discuss the location, the systems and the risks including 

the possible mitigations. 

4.4.1 Location of the ‘Airport-facilitated hydrogen flight’ demonstration  

The demonstration location will be at Rotterdam The Hague Airport (RTHA), including an asphalt 

runway, free of buildings, trees and other objects. Uninvolved people are not allowed within the 

flight zone during the demonstration. 

 

Figure 6 Airport facilitated hydrogen flight demonstration location 
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Liquid hydrogen tank(s) are filled and transported from the filling location (indicated with the blue 

dot on Figure 6) near the fire station building and integrated with the drone shortly before the test 

flight. The drone will be located close to the dewar on a concrete surface. More information about 

the drone and dewar can be found in paragraph 4.4.2. The dewar will be filled shortly before the 

demonstration by means of a truck. For safety an optimal route is chosen for the truck.  

4.4.2 System description 

The drone that will be used is the Hydra-LH2 drone which is a modified Great Shark 330 with the 

Fuel Cells (FCs) of Intelligent Energy. For the Hydra-LH2 flight test two 800 W FCs are used. The 

liquid hydrogen tank is mounted underneath the Hydra-LH2 with three brackets. The whole system 

inside the drone that is used to turn hydrogen into electricity is called the Fuel Cell System (FCS). 

This includes the FC, tank, conditioning system, tubing, etc. 

 

Figure 7 Great Shark 330 

For Hydra-LH2 the FCS powers the forward flight propeller. The VTOL mode is powered by four 

5000 mAh batteries. For essential safety a parachute is mounted. 

For the (temporary) storage of liquid hydrogen at the airport, a liquid hydrogen dewar will be used. 

This dewar will be used to (re-)fuel the drone. The dewar itself will be filled by a liquid hydrogen 

truck of a gas supplier. 

The following Figure 8 shows some technical data of the liquid hydrogen dewar: 
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Figure 8 - Liquid hydrogen dewar specifications 

 

4.4.3 Identified hazards 

The identified hazards are summarized in the following table. More details for each hazard can be 

found in the appendix: 

Table 20. Hazards for hydrogen demo 

ID Hazard Severity Initial 
Risk 
value 

Final Risk  

D1 Drone fly away Catastrophic 10 Acceptable 
D2 Drone encounters manned aviation Catastrophic 10 Acceptable 
D3 Uninvolved people enter the demonstration 

location 
Hazardous 12 Acceptable 

D4 Drone Crash Hazardous 12 Tolerable 
D5 Mechanical failure of the cryotank during flight Hazardous 12 Tolerable 
D6 Cut-off/loosening/blocking of hydrogen feed 

drone 
Hazardous 12 Acceptable 

D7 Reduction Fuel Cell Output Power Minor 6 Acceptable 
D8 Drone power line disconnection Hazardous 8 Acceptable 
D9 Damage of FC by overpressure Hazardous 8 Acceptable 
D10 Liquid hydrogen tank fixation Major 6 Acceptable 
D11 Fuel Cell overheating   Hazardous 8 Acceptable 
D12 Extreme hot environmental temperatures 

drone 
Major 9 Acceptable 

D13 Extreme cold environmental temperatures 
drone 

Major 9 Tolerable 

D14 Battery malfunction & fires drone Hazardous 8 Acceptable 
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D15 Liquid hydrogen leaks and flames from low 
pressure tubing 

Hazardous 12 Acceptable 

D16 EM fields & discharges drone Hazardous 8 Acceptable 
D17 Conditioning system Cryotank fails Drone Hazardous 8 Acceptable 
D18 Static electricity charges during tank 

filling/swap 
Hazardous 12 Acceptable 

D19 LH2 exposure during tank filling Hazardous 8 Acceptable 
D20 Contact with extreme low temperatures during 

tank filling/swap 
Hazardous 12 Acceptable 

D21 Mechanical failure during tank swap Hazardous 12 Tolerable 
D22 Mechanical failure of the Dewar Hazardous 8 Acceptable 
D23 Large LH2 leaks Dewar Hazardous 8 Acceptable 
D24 Small liquid hydrogen leaks Dewar Hazardous 12 Tolerable 
D25 Exposure of the liquid hydrogen truck during 

filling 
Hazardous 12 Acceptable 

D26 Conditioning system Dewar fails Hazardous 12 Acceptable 
D27 Misinterpreting the procedures of operation Major 6 Acceptable 

4.4.4 Mitigations for the hydrogen demo 

The following mitigation measures are in place for risk reduction stated in paragraph 5.4.3 and can 

be seen in the following table: 

Table 21 - Mitigation of risks 

Mitigation Hazard ID 
Geofence D1, D27 
Drone parachute D1, D4 
Controlled airspace D2 
Controlled area D3, D4, D27 
Safety zone D4, D5, D9, D14, D15, D16, D17, D21, D22, 

D23, D24, D25, D26 
Switch to vertical flight mode D5, D6, D8, D9, D11, D17 
Inspection & maintenance D6, D7, D8, D10, D14, D15, D16 
High quality tube and tube connectors D6 
Ground test FC D7, D11 
Monitor FCS output voltage D7, D8 
Pressure regulator D9 
Ventilation drone D9, D15, D16 
Installation procedures D10, D16 
Weather limitations D11, D12, D13 
Monitor batteries in flight D14 
compartmentalization D15, D16 
Heat detection (IR camera, cloth) D15, D21, D22 
Keep clear from vent exits D18 
Use of ATEX materials/equipment D18, D21, D22, D23, D24, D26 
Filling procedures D19 
Use of protective clothes D19, D20, D23 
Floor able to withstand LH2 D19, D23 
Monitor Dewar data D22 
Reduce maximum boil down time Dewar  D22 
Ventilation Dewar D22, D23, D24, D26 
Dedicated gas supplier truck procedures D25 
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Electrical grounding of LH2 dewar D18 
  

Each mitigation is connected to one or multiple hazards. More detail on the mitigation can be found 

in the appendix. 

 Validation of Safety Assessments 

The safety assessment described in this document is in principle only applicable for the location 

and conditions under which it is performed. With "conditions" we understand the physical, 

organisational and regulatory context, as well as all relevant assumptions made about the involved 

systems and processes. Since the demonstrations are to be performed first at Lighthouse Airport 

and then replicated at Fellow Airport, the natural question then becomes: is the Lighthouse safety 

assessment applicable – or valid – for Fellow as well? 

The overall purpose of the validation process is to ensure that the demonstration executions will 

be run safely both at Lighthouse and Fellow. The validation is meant to uncover any needs for local 

adaptions and additional safety measures. The validated assessment will ensure robustness and 

generality of the suggested solutions and procedures. 

Note that the validation is done only for the two demonstrations "Unattended charging" and 

"Modular charging". The Hydrogen demonstration is out of scope, as this demonstration is not to 

be replicated at Fellow. 

4.5.1 Validation approach 

The safety assessment has identified a list of hazards for the Lighthouse Airport and assessed the 

risk associated with these hazards. In the validation, the same hazards were reviewed in a 

systematical manner, and the following questions discussed: 

 Is the hazard less/more/equally relevant for Fellow? 

 Is the probability/risk higher/lower/equal at Fellow? 

 Are the proposed mitigating measures equally feasible at Fellow? 

 Are there additional hazards at Fellow? 

The validation involved safety expertise and key personnel at Fellow Airport. 

4.5.2 Results 

The general finding is that there is almost nothing separating the two airports in terms of hazards 

and risks. Still, there are some location-specific aspects of Fellow Airport that are worth mentioning, 

detailed in Table 22. 

Table 22 – Location-specific hazards at Fellow Airport 

U1 Unauthorised personnel entering the charging area 
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 The demonstration site (hangar) has access control, code locks and is monitored. 
The charging cable cannot be unplugged during charging without cutting the fuse first. 

U2 Unauthorised vehicles entering the charging area 
 Some nearby activity with buss and fuel dispenser trucks. Logistical measures (signs, 

barriers) should be taken during demo. 
U5 External interruption of the power supply 
 No backup power at demonstration site. 
U7 Smoke or fire 
 Smoke or fire from demonstration site will be visible from the tower. Airport patrol pass by 

regularly. 
U8 Flooding of the charge area during heavy rainfall 
 Demonstration site is on the outskirts of the airport, close to de-ice drainage area. 
U11 Battery thermal runaway 
 Fire brigade response time is very low (2 min). 
A2 Fuel spillage during refuelling at the bowser 
 Fuel dispenser trucks normally operate in the area. This activity will be suspended during 

the demo. 
A3 Taxiing aircraft 
 Other aircraft are using the hangar. Their activity must be controlled during the demo. 

 

4.5.3 Safety assessment conclusions 

The hazards that need consideration and possible mitigation are those related to neighbouring 

activity, notably fuel dispenser trucks, buses and taxiing aircraft. Logistical measures should be 

taken on demonstration day to pause, restrict or control this activity. Other than that, no additional 

safety measures need to be taken at Fellow Airport compared to Lighthouse Airport. 

All identified hazards at Lighthouse are relevant for Fellow as well. Furthermore, no additional 

hazards have been identified at Fellow. 

It is important to note that the limited level of location-specific details of the hazard/mitigation 

descriptions makes it hard to distinguish the particular features of the two airports. Future detailing 

of the demonstration cases will make it possible to conduct a more detailed safety assessment and 

validation. 

 Overall conclusions of part I 
The participating airports in the TULIPS project have identified dedicated areas, facilities and 

processes to enable three demonstrations: Unattended charging of electric aircraft, modular 

charging of electric aircraft and re-fuelling a LH2 powered drone. The airports in which these 

demonstrations will be held are Rotterdam the Hague airport and Oslo Gardermoen airport.  

For all the foreseen demonstrations at Rotterdam the Hague airport, an initial safety assessment 

has been performed. The safety assessment has been based on the ICAO Safety Management 

Manual (doc 9859), tailored to the specific situation of ground based tests and demonstrations. The 

safety assessment identified all potential hazards with their impact or severity level and has linked 

those to the probability of occurrence. This led to an overview of a safety matrix in which risks and 
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likelihood are combined to assess acceptable or non-acceptable situations. For the non-acceptable 

situations, mitigation measures have been proposed. This overall safety matrix has been found 

almost identical for the two participating airports and with the identified preliminary mitigation 

measures, the demonstrations as they are defined  can proceed with their development.    
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II. PART II  



TULIPS – D2.1 Feasibility study – Airports delivering energy supply for future aircraft 

TULIPS Public 32 

 Introduction 
Replacing kerosene-powered aircraft by battery and hydrogen-powered aircraft can contribute to 

the mitigation of CO2 and non-CO2 effects from aviation, which together amount to about 5% of 

the overall net anthropogenic forcing that drives climate change (Lee, et al., 2021). 

The use of batteries, which have substantially lower energy densities than kerosene, to power 

electric aircraft and the challenges presented by hydrogen aircraft not only require efforts from 

manufacturers, but also from airports and airlines. These must adapt their infrastructure and 

working procedures to properly handle the charging and refuelling of electric and hydrogen-

powered aircraft, respectively. 

Charging electric aircraft requires chargers installed at airports, trained personnel and the design 

and implementation of safety procedures. In addition, airlines may have to deal with long charging 

times, resulting in substantially longer turnaround times than that of kerosene-fuelled aircraft—at 

least during the initial years of the implementation of this technology. 

Hydrogen aircraft may require large investments on airport infrastructure, especially if liquid 

hydrogen (LH2) is produced or liquefied on-site. Moreover, the safety risks related to the very low 

temperature (about -250°C) of liquid hydrogen could potentially increase the aircraft turnaround 

time, even though it is theoretically possible to achieve comparable refuelling times to that realized 

with kerosene (Mangold, et al., 2022). In any case, the infrastructure and procedures required to 

handle hydrogen will likely impact costs and flight schedules. 

This feasibility study analyses the impact on the airport infrastructure, operations, scheduling and 

costs for electric and hydrogen aircraft in the horizon years of 2030, 2040 and 2050. This is realized 

based on case studies concerning a regional and hub airport: Rotterdam The Hague Airport 

(RTHA) and Schiphol airport (SPL). 

This study is structured as follows: first an overview of electric and hydrogen aircraft technology is 

presented (chapter 2), followed by the required infrastructure (chapter 0) and the impact on 

operations (chapter 4). Subsequently, the methodology applied to the estimation of the impact on 

cost and flight schedule is detailed in chapter 5. The results of the case studies for the regional 

and hub airports are presented, respectively, in chapters 6 and 7, followed by discussions and 

conclusions (chapter 8). 

 

  



TULIPS – D2.1 Feasibility study – Airports delivering energy supply for future aircraft 

TULIPS Public 33 

 Aircraft technology 
Currently, multiple hydrogen aircraft development programmes are taking place. An overview of 

the relevant developments is made. Later on, a selection of these aircraft is used as reference for 

the fleet forecast. 

 Hydrogen aircraft developments 

The hydrogen aircraft that are currently being developed may be distinguished in different 

segments and propulsion types. On a high level, three types of hydrogen aircraft are considered 

in this study: 

1. Fuel cell powered propulsion, with GH2 as energy carrier; 
2. Fuel cell powered propulsion, with LH2 as energy carrier; 
3. Combustion turboprop/fan propulsion, with LH2 as energy carrier. 

Few of the aircraft development programs focus solely on retrofit powertrains, such as ZeroAvia. 

Other programs focus on new airframe design that is tailored to hydrogen-powered flight. Most of 

the current developments use liquid hydrogen as a fuel. LH2 has a higher volumetric energy density 

compared to gaseous hydrogen (GH2). Moreover, for some regional and most single aisle 

hydrogen-powered aircraft, direct combustion of hydrogen is used by some original equipment 

manufacturers (OEM). By burning hydrogen in a modified gas turbine, thrust is generated. A 

drawback of direct combustion, in comparison to using fuel cells, is the emission of NOX and 

particulate matter. An interesting development program that was recently released is the Embraer 

Energia series which relies on a dual-fuel turbofan, which can use sustainable aviation fuel (SAF) 

or LH2 as energy carrier (Embraer, 2022).  

With the current state-of-the-art technologies, fuel cells and gas turbines will likely show 

comparable fuel to thrust ratios. Although fuels cells have intrinsically a higher energy conversion 

efficiency (up to 50%) compared with the approximately 25-35% thermodynamic efficiency of gas 

turbines, the Balance-of-Plant and connected electrical systems such as convertors, electromotors 

and propellers consume a part of the output power. This reduces the overall energy efficiency of a 

fuel-cell hydrogen powertrain with respect to thrust generation. With gas turbines being a proven 

technology, it seems a safe choice for OEM to look in that direction. Still, fuel-cells present certain 

advantages with respect to gas turbines, such as the lack of NOx and soot emissions, and they are 

also being considered as well, especially for turboprops. 

Examples of hydrogen-powered aircraft under development are presented in table 23, including 

their expected seat capacity, design range, propulsion type, energy carrier and entry-into-service 

(EIS). While the ZeroAvia concept is expected in 2024 already, the larger airplanes like the ZEROe 

family by Airbus are expected to enter into service in 2035. Still, programs can get delayed due to 

e.g. certification challenges or technical hick-ups. In addition, the time required for manufacturers 

to reach the stage of peak production influences the adoption rate of the new aircraft. In this study, 
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the timespan for full manufacturing ramp-up is assume to last four years for regional jets and 

turboprops and five years for single-aisle aircraft (Hoelzen, et al., 2022). 

Table 23. Selection of hydrogen-powered aircraft that are currently being developed. Range and entry-into-
service (EIS) subject to change. Sources: (ZeroAvia, 2022; Airbus, 2022; Embraer, 2021) 

Aircraft Pax Range 
[km] 

Propulsion Energy 
carrier 

EIS2  

  

 

ZeroAvia 
ZA600 
 
(Retrofit 
powertrain 
solution) 

10 – 20  480 H2 fuel cell GH2 2024 

 

ZeroAvia 
ZA2000 
 
(Retrofit 
powertrain 
solution) 

40 –80  1120 H2 fuel cell  LH2 2026 

 

Airbus 
ZEROe 
Turboprop 

< 100 1850 LH2 
combustion 
turboprop 

LH2 2035 

 

Airbus 
ZEROe 
Turbofan 

< 200 3700 LH2 
combustion 
turbofan 

LH2 2035 

 

Embraer 
Energia 
E19-H2FC 

19     370 H2 fuel cell  LH2 2035 

 

Embraer 
Energia 
E50-H2GT 

35 – 50    650 – 
925 

Dual-fuel 
SAF/H2 
combustion 

SAF or 
LH2 

2040 

 

 Overview of electric aircraft developments 

Currently, more than 150 battery-electric aircraft programs are running, of which almost half are 

originated by start-ups (Roland Berger, 2021). A significant share of these developments focus on 

urban air taxis, which are out of scope of this study. In this report, the emphasis is put on electric 

                                                   
2 EIS as advertised by manufacturer 



TULIPS – D2.1 Feasibility study – Airports delivering energy supply for future aircraft 

TULIPS Public 35 

conventional take-off and landing (eCTOL). An overview of the expected electric aircraft is given 

in table 24. 

Commuter (business) aircraft can carry up to 19 passengers for a range of 250 to 1,000 km. An 

example is the Eviation Alice, which can carry up to 9 passengers for 250 nautical miles. Commuter 

aircraft could be used for short-haul flights between cities or as a feeder to larger hubs, also called 

Regional Air Mobility (RAM). RAM is also interesting for (rural) areas with multiple airports within 

a 1,000 km range, for example Norway or a group of islands. Apart from that, RAM could also be 

appealing for airlines that have a demand for very specific destinations for only a small group of 

people. Moreover, these smaller aircraft could also be beneficial for airlines that have difficulties in 

seat utilization. 

A few large demonstration programs have been launched. Few of them by established OEMs, 

such as Airbus (e-Fan X) and Boeing (Sugar Volt). Another example is the EcoPulse 

demonstration, which is currently under joint development of Airbus, Safran and Daher (Airbus, 

2022). The EcoPulse aircraft features distributed propulsion and a high-voltage battery and e-GPU 

to provide electricity to the propulsion system. 

In addition, some start-ups show high ambitions in terms of passenger capacity, range and planned 

EIS, such as the Maeve 01 from Maeve Aerospace (formerly Venturi). Maeve 01 features 44 

passenger seats and a range of 550 km, with EIS scheduled for 2030 (Maeve Aerospace, 2022). 

It should be emphasized that some aircraft developers present ambitious plans and performance 

numbers. This can result in unrealistic expectations, as certification may delay the promised EIS 

by years. Another reservation could be made on the ranges presented: some manufacturers 

already take into account the future increase in energy density of batteries, which still can be 

disappointing, resulting in a lower range than initially advertised. 
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Table 24. Selection of electric aircraft developments. Sources: (Eviation, 2022; Embraer, 2021; Tecnam, 2022; 
Heart Aerospace, 2021; Maeve Aerospace, 2022).   

Aircraft   Pax Range [km] Propulsion EIS 

 

Eviation 
Alice 

9 4633 Full-electric 2027 

 

Embraer 
Energia E9-
FE 

9 370 Full-electric 2035 

 

Tecnam P-
Volt 

9 160 Full-electric 2026 

 

Maeve 
Aerospace 
Maeve-01 

44 550 Full-electric 2029 

 

Heart 
Aerospace 
ES-30 

30 200 FE4/ 
400 HE5/ 
800 HE (25 
pax) 

Full-electric 
+ optional 
hybrid 
reserve 

2028 

 

  

                                                   
3 Eviation Alice's claimed range of 250 nm and MTOW of 18,400 lbs have been recently changed from 440 nm and 
16,500 lbs. The calculations done in this work happened prior to the new announcement, where the range had also 
been judged too optimistic and considered to be 100 nm. 
4 Full-electric 
5 Hybrid-electric 
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 Infrastructural impact of hydrogen and electric aircraft 
This chapter gives a general overview of the infrastructural changes that are needed at an airport 

in order to facilitate hydrogen and electric aircraft operations. First, a brief overview on hydrogen 

as an energy carrier is given. Subsequently, hydrogen airport infrastructure is treated. Next, electric 

infrastructure for battery-electric aircraft is described. At last, high-level cost estimations are given 

for hydrogen and electric infrastructure and operations. 

 Hydrogen 

Although all chemically identical, three main types of hydrogen are often distinguished, based on 

the technology by which they have been produced. They are typically referred to as grey, blue and 

green hydrogen: 

GREY HYDROGEN: steam methane reforming (SMR) of natural gas in which methane (CH4) is 
converted into hydrogen and CO2 as a by-product.  
BLUE HYDROGEN: same process as for grey hydrogen, but the released CO2 is captured and 
permanently stored in underground cavities. Although not emitting CO2 it relies on the extractive 
process of natural gas. Moreover, safeguarding the considerably large amounts of CO2 for long-
time scales could be an issue. 
GREEN HYDROGEN: electrolysis of water, in which water is split into hydrogen and oxygen by 
use of electricity. Only fully green if the energy used to produce the hydrogen is renewable. 

The current downside of green hydrogen is that the capacity for producing large amounts of green 

hydrogen is not sufficient yet: the availability of sustainable electrical sources and excess power is 

currently a constraint. Significant infrastructure development and investment in clean energy 

production is needed (ATI, 2022; McKinsey & Company, 2022). 

Transport and storage infrastructure are seen as key enablers for a global hydrogen value chain. 

For scaling up, cost reductions and increased scale-up in renewable energy generation, 

electrolysers, carbon capture, utilization and storage (CCUS) are needed in order to make clean 

technologies cost competitive compared to traditional fuels. It is expected that 60% of the hydrogen 

produced by 2035, is of the green type, due to declined costs and policy support (such as higher 

CO2 prices) (McKinsey & Company, 2022). 

ATI (2022) expects that in the near future, hydrogen production is likely to precede hydrogen-

powered aircraft production and use. Therefore, its production location will not necessarily be 

linked to an airport location. Production can therefore be carried out on a larger scale, so that 

investment costs per location can be relatively lower compared to a production location at the 

airport. Potential hydrogen production locations are areas that are (McKinsey & Company, 2022; 

ATI, 2022): 

 close to larger offshore wind generation sites that could be used for green hydrogen 
production; 

 close to existing natural gas import terminals and oil and gas fields that could be converted 
for carbon storage; 
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 remote (off-grid) locations with a surplus of nuclear, hydro, wind or solar power; 
 port access for exporting liquid hydrogen. 

 Hydrogen aircraft infrastructure for airports 

The infrastructure that is needed to service hydrogen aircraft at airports partly depends on the 

supply chain of the hydrogen. There are three most likely scenarios of supplying hydrogen to 

airports  (ATI, 2022; Hoelzen, et al., 2022): 

 Scenario 1: hydrogen is generated and liquefied off-site. Subsequently, the liquid 
hydrogen is transported by road tankers, rail or vessels to the airport, where it is stored. 

 Scenario 2: hydrogen is generated off-site. The gaseous hydrogen is then transported by 
gas pipelines to the airport. At the airport, the gaseous hydrogen is liquefied and stored 
at the airport. 

 Scenario 3: hydrogen is generated and liquefied on-site, after which it is stored. 

The preferred scenario depends on airport size, location and geography of the airport and the scale 

of hydrogen demand. Some airports may change from one scenario another as demand increases. 

Not only the annual fuel demand is a parameter, but also the variation of fuel demand over an 

average day and over the months of a year are an important design requirement for refuelling 

systems (Hoelzen, et al., 2022). 

Scenario 1 has lower capital cost compared to scenarios 2 and 3, because liquefaction is done off-

site and pipeline investment costs are avoided. For regional airports, it is likely that scenario 1 

remains the preferred choice up to 2050. For hub airports, scenario 1 is also likely the preferred 

choice in the initial years of hydrogen aircraft operations, when hydrogen demand is still relatively 

low. At some point, LH2 supply by trucks may cause congestion at the off-load point. In that case, 

scenario 2 and 3 would be more suitable, where the supply is not dependent on trucks. Scenario 

3 would result in high CAPEX and electricity costs for the electrolysis on-site. Moreover, one would 

need dedicated 400 kV overhead powerlines, which is not suitable for most airports for safety 

reasons (ATI, 2022). Therefore scenario 3 is not considered in this study and it is assumed that 

hub airports rely on option 2 by 2040 and 2050: GH2 delivery by pipeline and on-site liquefaction. 

Table 25 summarizes the options chosen for the cases studies analysed in this report. 

Table 25. Assumed hydrogen supply scenarios for different sizes of airports and years. 

Airport size 2030 2040 2050 
Regional LH2 delivered by truck LH2 delivered by truck LH2 delivered by truck 
Hub LH2 delivered by truck GH2 pipeline, on-site 

liquefaction 
GH2 pipeline, on-site 
liquefaction 

3.2.1 Hydrogen supply scenario for regional airports 

In the assumed scenario for regional airports, liquid hydrogen is delivered by trucks, minimizing 

the required amount needed. The following infrastructure is needed (ATI - FlyZero, 2022): 

 Storage: a fixed storage or storage in cryo-tanks from the delivery truck; 
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 Refuelling trucks: a dedicated liquid hydrogen refuelling truck on airside for refuelling of the 
aircraft. 

Once delivered, the liquid hydrogen is either stored in the permanent storage or kept in the 

cryogenic tanks delivered by the delivery truck. Only the first option is considered in the case 

studies. 

3.2.2 Hydrogen supply scenario for hub airports 

For hub airports, after the ramp-up years and demand increases, delivery of LH2 by trucks is 

replaced by GH2 pipeline supply, with on-site liquefaction. The pipelines could be repurposed 

natural gas pipelines or newly built hydrogen pipelines. However, the latter come with a larger 

capital investment (ATI, 2022). Pipeline transport of GH2 is efficient in large volumes. However, 

on-site liquefaction of the GH2 is required, as LH2 can be stored more efficiently and used by most 

hydrogen-powered aircraft being developed.  

3.2.3 Storage of liquid hydrogen at the airport 

For each scenario, the liquid hydrogen needs to be stored at the airport. Storage at the airport 

allows building up a buffer, which decreases the risk of supply disruptions creating delays at the 

airport.  

The buffer, expressed in days, differs per airport and depends on the certainty and resilience of 

supply and the risk of fuel disruption. Recent studies have considered using a buffer of three days 

(McKinsey & Company, 2020; Hoelzen, et al., 2022). This choice is also adopted in this study. 

For small airports with low hydrogen demand or space restrictions, ATI (2022) and McKinsey & 

Company (2020) proposed to keep the hydrogen stored in the dedicated hydrogen tanks of the 

delivery trucks—in similar fashion to what is done nowadays for kerosene at small airports. This 

option is not considered here and a permanent storage facility is assumed for the regional airport 

case study. 

3.2.3.1 Boil-off 

Liquid hydrogen has to be stored at -253 °C to maintain the liquid state. Therefore, high-

performance insulation is required to reduce hydrogen boil-off (MAHEPA, 2019). Furthermore, the 

shape of the storage has an impact on the heat input from the outside: a spherical or cylindrical 

shape ensures an optimized surface-to-volume ratio. Vacuum-insulated double walls help to 

prevent the occurrence of heat transfer by convection (Jesus Ochoa Robles, 2018). Despite these 

measures, hydrogen losses will still occur, resulting in vaporized hydrogen. 

One litre of vaporized hydrogen will increase its volume to about 845 litres at ambient pressure. It 

is therefore of great importance to install relief valves to avoid overpressure, which, if not taken 

care of, could lead to rupture of the storage tanks (ATI, 2022).  
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3.2.4 Space requirements for hydrogen infrastructure 

The introduction of hydrogen requires airports to reserve space for storage and eventually 

liquefaction plants (LFP). 

In the early years where demand is relatively low, hydrogen is either stored in the delivery tank or 

in a small fixed storage facility. The impact on space is not high (McKinsey & Company, 2020).  

ATI (2022) has estimated the following space requirements per airport size for different years and 

supply scenarios (table 26). For small airports in 2035 and 2050 and for medium airports in 2035, 

supply scenario 1 was assumed (liquid hydrogen supply by trucks). For medium airport in 2050 

and large airport in 2035 and 2050, supply scenario 2 was assumed (gaseous hydrogen supply 

with on-site liquefaction). 

Table 26. Overview of hydrogen infrastructure requirements for small, medium and large airports in 2035 and 
2050. Modified from (ATI, 2022) 

Airport size Small Medium Large 

Year 2035 2050 2035 2050 2035 2050 
Million 
Passengers Per 
Annum 

7.5 10 35 50 110 135 

Average Daily 
LH2 Demand 
[million litres] 

0.1 0.7 0.6 6.5 1.5 22 

LH2 delivery 
trucks per day 

4 20 20 - - - 

Time interval 
between truck 
deliveries [min] 

370 75 80 - - - 

Gaseous pipeline 
diameter (mm) 

- - - 300 150 450 

Liquefaction 
Power [MW] 

- - - 200 50 650 

LH2 Storage 
[million litres] 

0.5 2.5 1.5 16 3.5 52 

Space [m2] 2,000 11,000 6,500 75,000 20,000 180,000 
 

In addition to reserving space for storage and liquefaction facilities, airports should also take into 

account the probability that hydrogen aircraft may have a longer fuselage for carrying the larger 

LH2 tanks. Short-range aircraft may have a fuselage that is roughly 2-8 meters longer in order to 

be able to carry the same number of passengers compared to its kerosene counterpart  (McKinsey 

& Company, 2020; Lammen, Peerlings, Sman, & Kos, 2022). This might have an impact on existing 

airport infrastructure like parking stands and taxiways.  

3.2.5 Airside distribution of hydrogen 

The distribution of hydrogen at the airport from storage to aircraft tank can be done similarly to Jet 

A-1: with a bowser (refuelling truck) or through a pipeline and hydrant system with dispenser. The 
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most suitable infrastructure depends on the airport size, daily fuel demand. The two concepts are 

discussed next. 

3.2.5.1 Hydrogen refuelling by refuelling truck 

In the early years, the distribution of liquid hydrogen to the aircraft will most likely happen with 

refuelling trucks. These refuelling trucks will differ from regular kerosene refuelling trucks, as they 

require insulation to maintain the liquid state of hydrogen. It is assumed that they will consist of a 

tractor and a trailer with a mounted cryogenic LH2 tank. Moreover, the refuelling truck also needs 

a purging system to purge the refuelling hose and aircraft tank with helium before the start of the 

actual refuelling. Therefore, the refuelling truck also needs to be equipped with a helium tank (ATI, 

2022; Hoelzen, et al., 2022).  

Refuelling trucks do not require large investments and the number of required trucks can be more 

readily adjusted to an increase in demand than pipelines, providing a more flexible deployment 

option (Hoelzen, et al., 2022). In terms of costs, trucks seem to be the best option for LH2 demand 

up to about 110,000 tonnes per year (Hoelzen, et al., 2022). However, for larger scale operations, 

congestions might occur at the airside, which cause delays and may compromise safety (Mangold, 

et al., 2022; Hoelzen, et al., 2022; McKinsey & Company, 2020). 

3.2.5.2  Hydrogen refuelling by hydrant system 

The alternative for refuelling trucks would be a hydrant system with dispenser. This way of 

refuelling is comparable to the current kerosene refuelling method mostly found at larger airports. 

For a hydrant system, a cryogenic pipeline would be needed from the on-site LH2 storage to the 

aircraft stand. A hydrant solution that features many similarities with the current kerosene hydrant 

distribution systems has been proposed (ATI, 2022; Hoelzen, et al., 2022). The largest difference 

is the fact that LH2 is transported cryogenically at -253 °C. Moreover, the application of pumps 

create heat, which leads to H2 boil-off. Possible solutions are discussed in ATI’s FlyZero report 

(2022). 

To reduce complications related to pressure differences that have to be overcome at larger 

airports, i.e. longer pipelines, a so-called transfer storage could be a solution. The liquid hydrogen 

stage tank is located near aircraft stands. The size of the tank should match the maximum fuel 

tank size of the aircraft at the stands. This transfer storage could be located either below ground 

or above the ground. This would of course lead to higher investment costs. ATI (2022) estimates 

that one transfer tank could cost up to about € 500,000. 

For dealing with losses of GH2 (evaporated LH2), extra hardware is required: an additional storage 

system, which consists of a compressor and high-pressure tanks to store GH2, helium-air and 

helium-GH2 mixtures in case of the use of a Johnston disconnect. When a clean-break disconnect 

is used, these helium tanks are obsolete (Mangold, et al., 2022).  
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3.2.6 Gaseous hydrogen 

In the early years, some commuter aircraft will fly on gaseous hydrogen rather than liquid hydrogen, 

since the high-pressure technology is more matured, easier to handle and less expensive. 

Gaseous hydrogen (to fuel commuter aircraft) could be delivered via pipelines, industrial high-

pressure bottles or trucks. Interestingly, when LH2 becomes common practice at airports for large 

aircraft, the boil-off collected from liquid hydrogen storage tanks could be pressurized and stored 

in medium pressure tanks located at the airport for reuse. The gaseous hydrogen will need to be 

increased in pressure (with a booster) to 350 or 700 bar (SAE International, 2020) for fuelling of 

commuter aircraft or, for instance, heavy duty ground equipment that runs on (gaseous) hydrogen.  

Since GH2 also shows real gas behaviour and through the Joule-Thomson effect (isenthalpic 

expansion) it will heat up. Therefore, a cooling system is a standard industrial solution for high 

pressure GH2 refuelling (Klell, Eichlseder, & Trattner, 2018).  

GH2 refuelling is standardized with the refuelling protocol SAE2601 (SAE International, 2020). The 

adapters that are used for refuelling in automotive are standardized under SAE2600. 

 Electric aircraft infrastructure for airports 

Currently, airports are not ready to service electric aircraft. It is necessary to adapt the 

infrastructure of the airport, install charging infrastructure and potentially also install energy storage 

systems. In addition, in an upscaled situation, the grid might need to be adapted to be able to 

handle the new power demands. This will be further investigated in the work package 3 (WP3) of 

the TULIPS project. In the following sections, the state-of-the-art charging infrastructures are 

discussed. 

3.3.1 Charging infrastructure 

Charging infrastructure comes in two types: alternate current (AC) charging and direct current (DC) 

charging. The latter has a built-in AC-DC converter to transform AC grid power to DC power 

delivered to the aircraft battery. This makes it possible to charge with higher power, in comparison 

to AC charging, where a built-in converter is needed in the vehicle itself. DC charging, also known 

as fast charging, is predicted to be competitive with respect to turnaround times for smaller 

conventional aircraft up to 70 passengers (MAHEPA, 2019).  

Another method proposed in literature is to swap empty batteries of an electric aircraft by charged 

ones. Batteries that are not fully loaded can be swapped by a full new one. The idea is that battery 

swapping can be done faster than recharging, shortening the turnaround times. However, battery 

swapping requires new specialist (robotic) equipment and adds complexity to existing airport 

operational procedures, as it is considered a maintenance procedure. There are also potential 

safety concerns with these systems, where sparks from exposed electrical contacts may pose an 

added fire risk (Roland Berger, 2018). In addition, a battery swapping station (BSS) requires more 
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space compared to regular charging points (Hornung, Isikveren, Cole, & Sizmann, 2013). Due to 

these limitations, it is expected that regular charging remains the standard for electric aircraft. 

Battery swapping is, therefore, not considered in this study as an implementable solution for re-

energizing electric aircraft. 

The following charging facilities are considered feasible solutions to be realized at airports: 

 Permanent charging station; 

 Mobile charging station; 

 Mobile storage units. 

3.3.1.1 Permanent charging station 

A permanent charging station is a charger that is installed at a fixed location at the airside. A 

permanent installation offers the possibility to install high-power chargers if the grid and location 

allow.  

At permanent charging stations, the aircraft have to be parked next to the charging infrastructure. 

The challenge for airports is to determine the required number of  chargers to meet the charging 

demand and a suitable location to install them. Both variables depend on, among other things, the 

existing master plan of the airport and the demand for electric aviation. There are several options 

for the locations: 

 Designated charging station area: the airport or a fixed-based operator appoints 

designated areas where electric aircraft and other electric GSE can charge. These areas 

then act as multipurpose charging areas. 

 Gate or remote stand: at regional airports, where electric aircraft become a reasonable 

share of the serviced aircraft, chargers could be installed at the gate. Other ground 

operations related to the aircraft (e.g. baggage handling) can be performed at this location 

as well.  

3.3.1.2 Mobile energy storage units 

A mobile storage unit is a large battery bank that is transportable, comparable with the concept of 

an e-GPU, except that the output of the device is different. Such a mobile storage unit could be a 

truck-installed battery from which the aircraft can be charged. This is especially useful at airports 

where parking stands do not provide the required power output at the current stage of development 

or at airports that have fluctuating demand of electric aircraft. In this case the mobile energy storage 

units can be operated on a more flexible basis. After being discharged, this mobile storage unit is 

recharged elsewhere, for example at a dedicated charging location at the airport. The downside of 

mobile chargers is that it might result in more movements on airside (Le Bris, et al., 2022). 
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3.3.2 Standardization 

In order to serve all types and brands of electric aircraft, EUROCAE, SAE and ASTM working 

groups are working on the standardization of chargers. For the automotive industry, 

standardization is already implemented and can serve as an example for the aviation industry. It 

is expected that chargers become universal and the first open standard charger, SKYCHARGE, 

has been brought to the market already. This EASA approved charging station, developed by 

EATON and Pipistrel, is the first charging station for electric aircraft with smart grid functionalities, 

such as Vehicle to Grid (V2G) functionality. It is designed for electric aircraft, Urban Air Mobility 

(UAM) and electric vertical take-off and landing (eVTOLs) charging (EATON, 2022).  

Currently, a Megawatt Charging System (MCS) standard is under development, led by CharIN 

association, aiming at a charging standard for heavy duty vehicles. This standard enables charging 

up to 3.75 MW (CharIN, 2022). Lilium Aircraft has asked ABB to develop a fast charging system 

of 1 MW using the MCS standard, for their EVTOL that has a planned EIS of 2024 (Lilium, 2021). 

In this study, 1 MW (DC) chargers are assumed. 

3.3.3 Airport energy management 

Energy management for airports becomes even more relevant once electric aircraft are serviced 

by the airport, especially with regards to charging. The faster the aircraft needs to be recharged, 

the higher the requested power, leading to high peak demand. Especially if several aircraft are to 

be charged at the same time. This has its implications on the grid, resulting in fluctuations in supply 

power quality, voltage instability and increased energy losses. Therefore, sophisticated energy 

management is key. To cope with peak demand, an energy storage system could be used to 

facilitate ‘peak shaving’. 

On the energy supply side, renewable energy sources are emerging and necessary to make 

aviation sustainable. However, renewable energy sources like wind and sun light are prone to 

alternating patterns. This can result in over as well as underproduction. These types of energy 

supply ask for intelligent energy storage systems. Since the weather is less predictable and cannot 

be scheduled, this poses new challenges to the grid and to energy storage. A possible solution is 

the use of a smart grid, in which demand and supply are synchronized with each other. However, 

more research is needed before this can be implemented (see WP3). 

 Costs of hydrogen airport infrastructure and operations 

In this section, the costs of different hydrogen infrastructure elements are described. These costs 

are implemented in the optimization described in chapters 5 to 7. 
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3.4.1 Gaseous hydrogen production  

The cost of hydrogen production is expected to decrease significantly from 5.5 USD/kg in 2020 to 

1.7 USD/kg in 2050. The cost is anticipated to decrease due to a number of factors (McKinsey & 

Company, 2021):   

 improved production efficiency (economy of scale);  
 gradual technological improvements; 
 reduction in parts cost and simplified operations; 
 lower energy cost (further discussed in section 3.5).  

 

The hydrogen production costs are projected to be 2.4 USD/kg in 2030, 2.0 USD/kg in 2040 and 

1.7 USD/kg in 2050. The production costs reflect the “base costs” of clean hydrogen production 

and includes renewable energy, electrolysis and a fully flexible production (no minimum load 

requirements for storage and no zero oversizing of the capacity). Grid connection fees or other 

infrastructure elements are excluded (McKinsey & Company, 2021). 

3.4.2 Liquefaction  

Following the production line, the gaseous hydrogen needs to be liquefied (on-site or off-site). The 

capital expenditure (CAPEX) of the liquefaction plant is based on the capacity (𝑋௖௢௡) and calculated 

differently for small, medium, large and industrial scale liquefaction plants (table 27). The 

investment costs increase with the plant size, but yield lower costs per tonne of LH2. A depreciation 

period of 20 years has been chosen for the liquefaction plant (Hoelzen, et al., 2022). Additionally, 

the costs of operations and maintenance are estimated as 4% of the CAPEX and the specific H2 

losses as 1.65%. 

 

Table 27. The cost of liquefaction plants of varying capacity (Hoelzen, et al., 2022) 
Size of liquefaction plant Capacity Xcon [tLH2 / day] CAPEX [million USD2020] 

Small 24-96 1.6 Xcon + 45.8 
Medium 96-192 1.2 Xcon + 87.4 
Large 192-312 0.96 Xcon + 127 
Industrial scale  312-864 0.73 Xcon + 197 

 

Figure 9 (left) shows the CAPEX dependence on the plant capacity. Although the CAPEX 

increases with the plant size, the ratio of the CAPEX per daily capacity decreases (figure 9, right), 

meaning that the costs per kilogram of liquefied hydrogen is smaller for larger liquefaction plants.  
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Figure 9. The cost of liquefaction plants with different capacities 

In case liquefaction is done outside of the airport, the liquefaction costs are included in the 

purchased LH2 price and are calculated by simulating an industrial scale liquefaction plant at 

maximum capacity (864 tonnes of LH2 per day). This also requires two large storages, as described 

in the next section. 

3.4.3 Hydrogen storage  

The cost of a storage facility depends on the storage capacity. Hoelzen et al. (2022) give a specific 

CAPEX in US dollars per kilogram of liquid hydrogen stored as can be seen in table 28. For 

example, a small airport with a storage capacity of 50 tonnes of LH2 costs $1.95 million. The cost 

for extra back-up storage (three days of the LH2 demand of the peak day in a year, m̃LH2,peak), is 

calculated separately. The depreciation period of the storage units is 20 years. Additionally, the 

costs of operations and maintenance is estimated as 2% of the CAPEX and the specific H2 losses 

are 0.035%, 0.07% and 0.1% for the large, medium and small storages, respectively. 

 

Table 28. Techno-economic parameters for LH2 storage (Hoelzen, et al., 2022) 

Size of storage Capacity [tLH2] CAPEX [USD2020/kgLH2]] 

Small 20-100 39 Xsto 
Medium 100-250 33.6 Xsto + 550,000 
Large 250-550 30 Xsto + 1,400,000 
Back-up storage 3 m̃LH2,peak Depends on storage size (see 

above) 
 
The reported equations show that the medium and large storage facilities have a fixed investment 

cost component of $550,000 and $1,400,000, respectively. However, these are compensated by 

cheaper costs per tonne of LH2 stored. Figure 10 shows the expected CAPEX for hydrogen storage 

facilities with different capacities.  
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Figure 10. The cost of hydrogen storage facility with different capacities 

3.4.4 Hydrogen transport to the airport  

Section 3.2 explained that there are three options for transporting hydrogen to the airport: LH2 

trucks, GH2 trucks and GH2 pipelines. The costs of these three are elaborated further in this 

section.   

3.4.4.1 Costs to transport liquid hydrogen by trucks  

The costs of transporting  liquid hydrogen by truck are based on several sources (McKinsey & 

Company, 2021; Nazir, Cloete, Cloete, & Amini, 2020; Reuß, et al., 2017). The expected 

transportation cost for LH2 is shown in table 29. 

Table 29. Expected costs to transport LH2 by truck 
Year Transport cost [USD/kg(LH2)] 
2030 1.50  
2040 1.27 
2050 1.03 

3.4.4.2 Costs of gaseous hydrogen delivery by trucks  

Similarly to liquid hydrogen delivery costs, the expected costs for transporting gaseous hydrogen 

by trucks are calculated based on different sources (Collis & Schomacker, 2022; McKinsey & 

Company, 2020; McKinsey & Company, 2021; Nazir, Cloete, Cloete, & Amini, 2020; Reuß, et al., 

2017). The estimated cost for 2030 is 1.37 USD/kg. The same estimate is applied for 2040 and 

2050, due to a lack of research for the different timeframes. There is a possibility that the cost 

estimate for 2040 and 2050 is not a realistic representation. Especially when further economies of 

scale are expected. It is noted, however, that this option of transport has not been considered in 

the case studies. 



TULIPS – D2.1 Feasibility study – Airports delivering energy supply for future aircraft 

TULIPS Public 48 

3.4.4.3 Costs of gaseous hydrogen by pipelines 

When the demand for hydrogen increases at larger airports, it is expected that the supply is to be 

done by pipeline and then liquefied on-site. The costs expectations are based on several sources 

(McKinsey & Company, 2020; McKinsey & Company, 2021; Nazir, Cloete, Cloete, & Amini, 2020). 

Table 30 shows the expected cost for gaseous hydrogen by pipeline. 

Table 30. Expected cost of gaseous hydrogen by pipeline before liquefaction on-site 

Year Transport cost [USD/kg(GH2)] 
2030 0.36 
2040 0.13 
2050 0.05 

3.4.5 Hydrogen distribution at the airport 

For the distribution of hydrogen at airside, the airport will need to invest in an LH2 distribution 

system or a bowser. The LH2 hydrant system must be combines with a cryopump in order to refuel 

the aircraft. In addition, these should be operated and maintained.  

3.4.5.1 LH2 hydrant system 

The LH2 hydrant system consists of pipelines from the storage facility to the aircraft stand. These 

pipelines have a minimum diameter of 254 mm to reduce friction. The flowrate of LH2 is limited for 

safety reasons, see eq. (9). Mangold et al. (2022) estimated a flow rate of about 20 kg/s. The 

CAPEX of a liquid hydrogen pipeline with these specifics, including the hydrant for refuelling at the 

gate, can be calculated as follows (Hoelzen, et al., 2022) : 

 𝐶𝐴𝑃𝐸𝑋 [𝑀€] =
5

72
 𝑥௧௥௔,௣௜௣௘ 2𝑑, (1) 

where 𝑥௧௥௔,௣௜௣௘  [𝑡௅ுమ
/ℎ] is the mass flow rate capacity of the transport system and 𝑑 [km] is the 

length of the pipeline. The LH2 hydrant system has a depreciation period of 40 years (Hoelzen, et 

al., 2022). Furthermore, the operational expenditure (OPEX6) is 3% of the CAPEX and losses in 

the pipelines are 0.175% per kg(H2) per kilometre. 

Additionally, a dispenser equipped with a cryopump is needed per pipeline. The CAPEX for a 

dispenser is $ 90,000, with a depreciation period of 12 years (Hoelzen, et al., 2022). The OPEX is 

3% of the CAPEX. 

3.4.5.2 LH2 Bowser 

The LH2 bowsers have a CAPEX of $ 640,000 for a capacity of four tonnes of LH2, an OPEX of 

3% of the CAPEX, an expected lifetime of 12 years and drive an average speed of 25 km/h 

(Hoelzen, et al., 2022). In addition, it is assumed that the bowser operates on electricity. Therefore, 

the electricity cost in order to drive one kilometre by bowser is expected to be 0.35 USD (Hoelzen, 

et al., 2022).  

                                                   
6 When mentioning OPEX, it is meant the operation and maintenance costs. 
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3.4.5.3 Cryopump  

The cost for the cryopump is estimated at $ 256,300 per capacity in tonnes of LH2 per hour 

(Hoelzen, et al., 2022). In case a mass flow rate of 20 kg/s is used (72 t/h), as estimated by Mangold 

et al. (2022), the CAPEX of a cryopump is $ 18.4 million. The depreciation period is 10 years 

(Hoelzen, et al., 2022). The OPEX for the cryopump is estimated at 3% of the CAPEX. Losses are 

considered negligible. In addition, the cryopump requires 0.1 kWh of electricity per kilogram of 

LH2. 

 Investment cost of airport infrastructure for electric aircraft  

This section gives an overview of the investment cost that has to be incurred to build the 

infrastructure for electric aircraft. The cost for the construction or modification of the electrical grid 

are not included in the scope of this study but will be further researched in TULIPS WP3 – Smart 

Energy Hub.  

3.5.1  Electricity production 

The levelized costs of electricity (LCOEs, table 31) are taken from IRENA (2020). IRENA (2020) 

expects that the cost for onshore wind and solar PV will continue to decline rapidly up to 2030.  For 

solar PV, a decrease of 58% in 2030 compared to 2018 is expected. For off- and onshore wind 

energy, reductions of 55% and 25% are expected, respectively. It is important to note that this is a 

global weighted average cost and European or Dutch prices and price trends might differ, resulting 

in unrepresentative cost of electricity production. However, 33% of the total electricity production 

in the Netherlands was produced by renewable sources in 2021. Therefore, the country is currently 

in the middle of the EU ranking of renewable electricity production (CBS, 2022). 

Table 31. LCOE of electricity (IRENA, 2020) 
Electricity Type of 

electricity 
Production cost 
[USD/MWh] 

2030 Onshore wind 50 
 Solar  58 
2040 Onshore wind 45 
 Solar  48 
2050 Onshore wind 40 
 Solar  38 

 

Since the study of IRENA (2020) is based on the electricity prices of 2018, the current geopolitical 

instability and related energy crisis are not reflected in these prices. As the long-term effects of 

that conflict are uncertain, this study assumes prices will return to the level of 2020 values again.   

3.5.2 Chargers 

Chargers of 1 MW are assumed. The cost is expected to be € 260k starting from 2030 (ACEA, 

2022). Since no research has yet been conducted into the price of chargers in 2040 and 2050, it 
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is assumed that these costs will remain the same. The expected lifetime of chargers is 10 years 

(OXERA, 2022).  

3.5.3 Operation and maintenance cost 

The lifetimes and depreciation years are partly based on maintenance of the different elements. In 

addition, it is needed to operate the different elements by the ground support crew (e.g. plugging 

in the cables into the chargers and aircraft). Therefore, the cost for maintenance and operation are 

integrated in the optimization. The cost for maintenance and operation is expected to be 3% of the 

total CAPEX, the same as the operation and maintenance cost for hydrogen aircraft (Hoelzen, et 

al., 2022). 

3.5.4 Interest rate 

The interest rate used in this study to translate CAPEX into annual costs is 1.55%, based on the 

reported European long term interest rate for the period of 2013-2023, obtained from the Statistical 

Data Warehouse of the European Central Bank (European Central Bank, 2023). 
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 Operational impact of handling hydrogen and electric 
aircraft 
While handling electric vehicles or hydrogen processes is increasingly common in automotive or 

in certain industries, for airports it is not. Airports do have growing experience with charging ground 

support equipment (GSE) units like e-GPU’s or electric cars and buses. However, charging and 

operating electric aircraft requires preparation and adaptation of operations.  

The same applies for hydrogen powered aircraft handling at airports. Although NASA and Boeing 

researched this already in the 70s (NASA & Boeing, 1976), hydrogen powered aircraft operations 

are still to be fully understood and experienced in practise. Operations are driven by safety and 

efficiency and so it does also for electric and hydrogen powered aviation. 

 Safety 

During the period in which these unconventionally powered aircraft are introduced, various safety 

aspects of airport operations will be affected. A continuously evolving fleet also implies a 

continuous change of operations and infrastructure. Such changes will affect both the internal 

safety and the external safety of an airport.  

ICAO defines 36 safety categories covering both internal and external safety: the CICTT7 

occurrence categories. The safety categories ‘Ground Handling Safety’ and ‘Aerodrome Safety’ 

are likely to be affected most during the transition period due to the continuously changing 

operational and technical activities at an airport. These can be directly related to the storage and 

supply capacity and infrastructure, turnaround time and fleet scenarios related to that airport.  

The ICAO safety category Ground Handling Safety covers safety occurrences during (or as a result 

of) ground handling operations. The different energy carriers require different ground handling 

activities which will need to be integrated at the airport. This introduces safety issues that will be 

new for the airport. Furthermore, the ground movements may increase due to the introduction of 

new ground operations such as (mobile) charging and hydrogen refuelling. Ground movements 

such as moving aircraft fall under the sub-category “Ground Collision” (GCOL). The GCOL 

category will also be impacted due to the increase of ground service equipment (GSE) vehicles 

such as hydrogen trucks or other designated equipment, which might increase the risk of collisions 

with moving aircraft. 

The ICAO safety category Aerodrome Safety treats safety occurrences involving aerodrome 

design, service or functionality issues. With the introduction of alternative energy carriers, the 

infrastructure of the aerodrome will need to be adapted to ensure efficient operations and safety. 

This could mean that certain gates or routes on the aerodrome will be designated for kerosene 

                                                   
7 CICTT stands for CAST/ICAO Common Taxonomy Team, in which CAST stands for e Commercial Aviation Safety 
Team 
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aircraft only or electric or hydrogen aircraft only, as this would optimize the charging and hydrogen 

refuelling activities at the airport. Adapting certain aerodrome design, service or functionalities 

could introduce safety issues as this requires adaptation of behaviour. This could also lead to 

safety issues related to GCOL. 

Increased electrical energy demand may also affect aerodrome safety as new peak loads are 

introduced. Furthermore, the storage of hydrogen also introduces new safety issues to the 

aerodrome design which will need to be taken into account. 

 Hydrogen aircraft operations 

The turnaround time of an aircraft is a KPI for an airline. The properties of hydrogen can be 

prescriptive in handling of hydrogen aircraft. Airport capacity might be affected by longer 

turnaround times. The extent to which this occurs is dependent on the size and demand of the 

airport and peak patterns. For instance, an assessment of airports in the UK suggests that an 

increase of turnaround times of short haul flights—a possibility when considering hydrogen 

aircraft—is mainly an issue at larger airports, where short haul flights may interfere with the peak 

demand of long haul flights (ATI - FlyZero, 2022). An extensive analysis on scheduling and 

turnaround times is given in sections 6.4 and 7.4. In the following paragraphs the turnaround of a 

hydrogen aircraft is described, with a focus on the refuelling. 

4.2.1 Turnaround 

During turnaround the following processes (amongst others) are taking place (Boeing, 2008): 

 Disembarking of arriving passengers 
 Unloading of arriving cargo and luggage 
 Cleaning 
 Catering 
 Refuelling 
 Loading departing cargo and luggage 
 Boarding of departing passengers 

Typically, the turnaround of current kerosene aircraft takes 60-90 minutes for widebody aircraft, 

25-30 minutes for narrow body aircraft and 20-25 minutes for regional aircraft. Airlines will likely 

require that these turnaround times are not substantially impacted by the introduction of a new 

type of energy carrier. 

During turnaround, some processes can take place simultaneously. Most of the time, refuelling 

takes place during other activities, such as deboarding the passengers. However, (ATI, 2022) 

stated that these processes could be affected by safety rules. The impact of liquid hydrogen on 

turnaround (i.e. simultaneously carrying out different services) will be dependent on the safety 

exclusion zone that is required for refuelling. 
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4.2.1.1                Refuelling process 

The operation of refuelling liquid hydrogen differs from Jet-A1 fuelling. As previously described in 

chapter 0 in the early years and for both small, medium and larger airports, the airside refuelling 

operation will most likely take place with fuel bowsers. However, at some point, when demand 

increases, this may result in congestion at the airside. A hydrant system would then become 

beneficial, as is the case for kerosene on many medium to large airports like the Lighthouse Airport 

(Amsterdam Airport Schiphol). More details on the equipment and additional storage are given in 

chapter 0. 

The refuelling process consists of the following steps (Mangold, et al., 2022): 

 docking maneuver and connecting;  
 connecting and purging;  
 chill-down and recovery line;  
 refuelling;  
 purging; 
 disconnecting; 
 steps afterwards. 

Docking maneuver and connecting: The refuelling process starts with the docking maneuver: 

the ground vehicle that provides the fuel is positioned near the aircraft. The conventional Jet A-1 

procedure is not feasible, since the hose and pipe for LH2 have a much larger weight than those 

for Jet A-1, such that it cannot be handled by a single person (Mangold, et al., 2022). Additionally, 

manual handling of hoses with cryogenic fluids is seen as a safety issue and requires two qualified 

persons (NASA, 1968). It is, therefore, advised to use a (semi-)automated docking system. The 

assumption is that the docking process, including connection, will take 2.5 minutes. This is equal 

to the manual Jet A-1 process (Mangold, et al., 2022). Disconnecting after refuelling and purging 

takes about the same time to be performed. 

Purging: In order to avoid creating an explosive atmosphere and that foreign gases enter the tank 

and the fuel system, purging with an inert gas such as helium is required to remove foreign gases 

from the hose and disconnect after connecting and prior to disconnecting. This process lasts about 

1.5 min (Mangold, et al., 2022). 

Chill-down and recovery line: Since LH2 is at cryogenic temperatures (below -250.3oC) at 

ambient pressure, chill-down—initial refuelling at low mass flow and thermal stress—is required to 

ensure a vapor-free flow and to avoid creating temperature gradients that could damage the 

materials. During chill-down (about 1 min) vaporization occurs due to the temperature differences. 

The vaporized H2 must be removed from the aircraft to avoid pressure build-up in the tank   

(Mangold, et al., 2022). The vaporized hydrogen could be recycled (not considered here) to avoid 

losses of about 1% (Hoelzen, et al., 2022). 

Refuelling: The flow rate at which actual refuelling occurs has been discussed by numerous 

sources (McKinsey & Company, 2020; Mangold, et al., 2022; Hoelzen, et al., 2022; ATI, 2022). 
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They all agree on the fact that thicker hoses are needed to obtain the same volumetric flow rate 

as Jet-A1. Besides, the hoses will also become heavier because of the cryogenic properties these 

will need to have. Consequently, the hoses will become more difficult to manoeuvre, which is a 

reason why some studies suggest to (semi-)automate the process of refuelling (ATI, 2022; 

Hoelzen, et al., 2022). The time to refuel depends on the energy needed for the mission and the 

cryopump mass flow (see section 5.2.2) 

Procedure after refuelling: To keep LH2 losses to a minimum, the cold LH2 remains in the 

refuelling hose if multiple hydrogen powered flights have to be refuelled at the same day. This way, 

it is not necessary to chill-down the entire hose from the ground vehicle to the aircraft tank during 

each refuelling process (Brewer, 1991). After the valves are switched off, the LH2 can be retained 

in the feed hose, staying at cryogenic temperature, omitting the necessity to be cooled during a 

subsequent refuelling process (Mangold, et al., 2022). 

For the whole refuelling process, leakage management is key in order to prevent hydrogen gas 

accumulation. Moreover, rescue and firefighting procedures need to be updated as well in order to 

accommodate possible hydrogen fires (ACI - ATI, 2021). 

Long term stay of hydrogen aircraft 
Extended stay of a hydrogen aircraft at the airport could occur for several reasons. Special 

attention is needed for this situation. Since liquid hydrogen needs to be kept at a very low 

temperature, venting of excess hydrogen needs to be taken care of. Despite good insulation, 

external heat will be constantly transferred to the liquid hydrogen resulting in boiling and 

evaporation of hydrogen gas. While the evaporated hydrogen absorbs the heat and is taken away, 

active cooling is not required for the remaining LH2 in the tank. When an aircraft is parked on 

ground for an extended period, liquid hydrogen should be taken out the tank or it shall be connected 

to ground support equipment collecting vented hydrogen, that could be stored and reused (ATI, 

2022). Furthermore, airports should be able to provide the following services for hydrogen aircraft 

as it comes to fuelling and temperature management of hydrogen (MAHEPA, 2019): 

 During turnaround of the aircraft, normal fuelling can be applied, as the system is already 

cold. 

 De-fuelling needs to take place for planned maintenance activities and for troubleshooting. 

 The first refuelling of a new aircraft or the refuelling of an aircraft after being off-service for 

some time due to maintenance or troubleshooting will be a ‘warm system refuelling’. 

These procedures need to be done in open space, away from flammable and combustible objects 

such as trees. Only designated personnel are allowed to perform the fuelling and de-fuelling 

operations. To prevent mixing of hydrogen with air during a ‘warm system refuelling/defuelling’, the 

fuel tank has to be purged with nitrogen (or helium) (MAHEPA, 2019).  
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Fuel safety zone 
Based on the investigation of ATI (2022) on industry standards, a fuel safety zone of 20 meters is 

suggested during connection and disconnection of the refuelling hoses for hydrogen (figure 11). 

The safety zone could be reduced to 8-10 meters once the connection is secured. The size of the 

safety zone also depends on the size of the aircraft and the number of refuelling points, as is 

pointed out by (ATI, 2022). It should be noted that the safety zones are based on a preliminary 

investigation and that at the moment no regulations are in place. 

 

Figure 11. Impact of safety zones for a mid-size aircraft. Modified from ATI (2022).  

For narrow body and midsize aircraft, the activities like luggage (un)loading and catering, are likely 

to take place during refuelling, within the safety exclusion zone of the aircraft (figure 11). This 

means that all GSE would need to be reclassified for use in hazardous areas. Moreover, 

redesigning GSE for operation in this hazardous area would it make possible to introduce 

automation of the turnaround activities, while maintaining or even improving turnaround time (ATI, 

2022). 

 Electric aircraft operations 

The turnaround time of an electric aircraft compared to its corresponding fuel-based aircraft will 

exceed the standard turnaround times, if the charging infrastructure is not sufficient or the aircraft 

not designed to be charged in parallel. Not only the charging infrastructure or battery charging rate 

is a constraint in here, also the grid capacity: if multiple aircraft are charged at the same time, high 

peak load could occur on the grid. Therefore, optimal scheduling of charging is needed.  
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As pointed out in chapter 0, charging can be achieved in three ways:  

1. Fixed (fast) charging point; 

2. Mobile charging point connected to the grid; 

3. Mobile battery bank charger.  

Charging is likely to be done under human supervision (currently EASA is following the requirement 

for refuelling, which cannot be unattended). In an upscaled situation this would imply multiple 

persons watching charging processes. For that reason, the TULIPS project is developing an 

unattended charging monitoring system (Task 2.2). It is assumed that this will become one of the 

solutions for monitoring the charging process in the future. 

 Safety  

The current state of the art electric aircraft (will most likely) has lithium-ion batteries on-board. 

Lithium-ion batteries are known for their relatively high specific energy density, and therefore are 

very popular in the EV-industry. However, the lithium-ion batteries do have disadvantages, such 

as the battery life and performance over time, its robustness with respect to overcharging and 

discharging, their fragility and their sensitivity to high temperatures. The latter requires stringent 

safety requirements for onboard battery packages and tailored firefighting protocols. Moreover, 

safety distances for charging the aircraft need to be taken into account. At the moment of writing, 

these are not yet standardized. 
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 Methodology of case studies 
This chapter gives an overview of the methodology applied in the case studies. In section Error! 

Reference source not found., a general description of the approach is presented. Next, a more 

detailed description of the model is given in section 5.2. 

 General description of the approach 

The following methodology is used for the analysis: 

1. First, AEOLUS8 forecasts of traffic growth provided by Schiphol, based on revenue 

passenger kilometres (RPK), are used to extrapolate the traffic data of 2019 of RTHA and 

SPL airports to the horizon years of 2030, 2040 and 2050. 

2. Second, an aircraft retirement model, considering the current age of the aircraft flying in 

2019, is applied to determine on a yearly basis the fraction of flights that are performed by 

new aircraft. 

3. Next, part of the movements performed by new aircraft are allocated to hydrogen and 

electric aircraft. This is realized based on the aircraft models presented in Chapter 2, 

considering aircraft EIS, design range and seat capacity, mission range and passengers 

and the aircraft fleet penetration based on Hoelzen et al. (2022).  

4. The energy required to perform the missions by hydrogen and electric aircraft are then 

calculated taking into account the mission range, the aircraft operational empty weight 

(OEW), the payload, the fuel and battery weight, the battery energy density, the degree of 

hybridization for hybrid-electric aircraft, the aircraft total efficiency and the lift-over-drag 

ratio (L/D). 

5. Subsequently, the time for refuelling hydrogen aircraft or charging electric aircraft is 

calculated by using a scheduling optimization model that either considering minimizes the 

costs or the delays. These are calculated considering the original turnaround time of each 

flight. 

6. The trade-off between costs and delays is then analysed for electric and hydrogen aircraft, 

where a suitable infrastructure (e.g. number of chargers, trucks or hydrants) is estimated 

that yields a balanced result. 

7. Lastly, the delay-optimization is performed for all days of the year for the chosen fixed 

number of chargers, trucks or pipelines to obtain annual average costs and delays. Only in 

the case of hydrogen aircraft at the hub airport that the computational effort was deemed 

too high to perform the optimization for the entire year. In this case, the annual costs  are 

estimated by multiplying the average cost per kilogram of LH2, determined based on the 

day of average demand, by the calculated annual LH2 demand. 

                                                   
8 AEOLUS is a global and strategic simulation model that can be used to to calculate how the aviation industry in 
the Netherlands is likely to evolve. It is the forecasting model used by Rijkswaterstaat (RWS, part of the Dutch 
Ministry of Infrastructure and Water Management) to explore potential future scenarios of development. 
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  Scheduling optimization model 

The models described in this section are used to optimize flight schedules of either electric or 

hydrogen aircraft, yielding either a cost-optimal or a delay-optimal solution. By applying both 

optimization choices, the trade-off between costs and delays can be analysed, allowing the choice 

of the most balanced solution. In this study, the tool presented in this section is used to estimate 

the impact on the previously defined areas of interest of the introduction of these aircraft 

technologies on airlines and airports. 

5.2.1 Electric aircraft 

A schematic of the model used to optimize electric-aircraft flight schedules is shown in figure 12. 

The input files needed for the model are: 

 flight schedule of electric aircraft; 
 electric aircraft database; 
 battery pack properties; 
 price of electricity per hour; 
 costs of owning, operating and maintaining an electric charger. 

There are two optimization models. The cost-optimization model yields the number of chargers 

that is able to attend the given flight schedule and minimizes the costs (charger CAPEX and OPEX 

and electricity costs). The delay-optimization model yields the minimum average delay considering 

all departures for a given number of chargers (first guess from the cost optimization). 
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Figure 12. Workflow of Electric Aircraft Flight Schedule Optimization Tool
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The most important inputs for the optimization models are the charging time per aircraft and the 

power needed for charging (to calculate electricity costs). The charging time depends on the initial 

and final (desirable) states of charge (SOC) of the batteries, on the battery temperature, on the 

acceptable limits of current and voltage, on the charger power and on the charging strategy (e.g. 

constant-current constant-voltage CCCV) (Li, et al., 2020). In case of CCCV, the battery is initially 

charged at constant current until it reaches the maximum voltage, when it switches to constant-

voltage for safety reasons. The constant-current part is linear, while the constant-voltage is non-

linear (figure 13). In the linear part of the curve, the charging time 𝑡௖௛௔௥௚௘ [h] can be calculated as: 

 𝑡௖௛௔௥௚௘ =
൫𝑆𝑂𝐶௙ − 𝑆𝑂𝐶௜൯

𝐼଴
𝐶௕௔௧௧, (2) 

where 𝐼଴ [A] is the constant current (linear part of the curve) and 𝐶௕௔௧௧ [Ah] is the battery capacity. 

The final state-of-charge (𝑆𝑂𝐶௙) is estimated as: 

 𝑆𝑂𝐶௙ =
𝐸 + 𝐸௥௘௦௘௥௩௘

𝑚௕𝑒௕
, (3) 

where 𝐸 is the total energy required during the flight9, 𝐸௥௘௦௘௥௩௘
10 is the energy reserve required, 𝑒௕ 

is the battery-pack specific energy and 𝑚௕ is the mass of the battery-pack. For the case studies 

presented in this report, the aircraft are assumed to arrive at the airport with the (tank) battery at 

reserve level. Thus, estimation of reserves does not influence the charging time. 

 

Figure 13. State of charge as a function of time at different temperatures (assumed constant) and initial current of 
3.25 A, based on the model of Li et al. (2020). 

 The total battery mass per aircraft is calculated based on the Breguet Formula adapted to an 

electric aircraft (Hepperle, 2012): 

                                                   
9 In case of hybrid-electric aircraft, the useful energy contained in the fuel part has to subtracted from the mission 
energy first, prior to estimating the required amount of electric energy needed. 
10 In case of hybrid electric aircraft, 𝐸௥௘௦௘௥௩௘ is assumed to be realized with the fuel part.  
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 𝑚௕ = 𝐻
𝑅ௗ𝑀𝑇𝑂𝑊𝑔

(𝐿/𝐷)𝜂௧௢௧𝑒௕
+ 𝑚௥௘௦௘௥௩௘ (4) 

where 𝐻 is the degree of hybridization (here defined as the fraction of the total design range realized 

while powered by batteries), 𝑅ௗ is the aircraft design range, 𝑀𝑇𝑂𝑊 is the maximum take-off weight, 

𝑔 is the gravitation acceleration, 𝐿/𝐷 is the aircraft lift-to-drag ratio and 𝜂௧௢௧ is the total efficiency 

(thermal, propulsion, gearbox, etc.) and 𝑚௥௘௦௘௥௩௘  is the added weight to account for the battery 

reserve (set to zero for hybrid-electric aircraft), as the design range given by aircraft manufacturers 

usually represent the range left after excluding reserves. 

The power required per battery pack 𝑃௕௔௧௧ [W] during charging is estimated as: 

 𝑃௕௔௧௧ = 𝑚௕𝑒௕(𝑆𝑂𝐶௙ − 𝑆𝑂𝐶௜)/𝑡௖௛௔௥௚௘ (5) 

The optimization checks whether the estimated charging time is unnecessarily short, given the time 

available for charging that satisfies the flight schedule. If so, then the charging time is increased 

and the battery power decreased to reduce the required amount of chargers. 

Since the battery weight remains constant during the battery use, the operational empty weight 

(including the battery mass) can be calculated as follows: 

 𝑂𝐸𝑊 = 𝑀𝑇𝑂𝑊 − 𝑚௖௥௘௪ − 𝑛௦௘௔௧௦𝑚௣௔௫ (6) 

where 𝑛௦௘௔௧௦ is the total aircraft passenger seat capacity, 𝑚௖௥௘௪ is the total crew mass and 𝑚௣௔௫ is 

the average mass per passenger, including luggage. 

The actual aircraft mass 𝑚஺஼ during a mission is then calculated depending on the number of 

passengers: 

 𝑚஺஼ = 𝑂𝐸𝑊 + 𝑚௖௥௘௪ + 𝑛௣௔௫𝑚௣௔௫. (7) 

The energy required during cruise per mission is then calculated using equation (4) for 𝑚஺஼ and 

the mission range 𝑅. The energy required for taxiing-out, climb-out, take-off, landing and taxiing-in 

are then estimated as a fraction of the energy required during cruise to obtain the total energy per 

mission 𝐸 (Marksel & Brdnik, 2022). 

5.2.2 Hydrogen aircraft 

For hydrogen aircraft, the fuel mass is consumed during the trip, so the mass of LH2 needed for 

the mission is calculated based on the original Breguet range equation: 
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 𝑚௅ுଶ = 𝑀𝑇𝑂𝑊 ቎1 − exp ቌ−
𝑅ௗ𝑔

ቀ
𝐿
𝐷ቁ 𝜂௧௢௧𝐿𝐻𝑉௅ுଶ

ቍ቏ + 𝑚௥௘௦௘௥௩௘ (8) 

where 𝐿𝐻𝑉௅ுଶ = 120MJ/kg (Schumman, 1996) is the low heating value of LH2. 

The turnaround time is calculated based on the work of Mangold et al. (2022). The multiple steps 

involved in the turnaround (connecting/disconnecting, purging and cooling down) are discussed in 

chapter 4. For the refuelling itself the following constraint is followed (Mangold, et al., 2022): 

 𝑣௅ுଶ𝑑௅ுଶ < 2.35 (9) 

where 𝑣௅ுଶ [m/s] and 𝑑௅ுଶ [m] are the velocity of LH2 in the refuelling hose and the hose inner 

diameter, respectively. Following this condition, a maximum mass flow rate of 𝑚̇௅ுଶ = 19.5 kg/s is 

estimated, assuming a hose diameter 𝑑௅ுଶ = 0.1524 m. The time to refuel is then calculated as: 

 𝑡௥௘௙௨௘௟ =
𝑚௅ுଶ

𝑚̇௅ுଶ
. (10) 

In case the time for refuelling is deemed unnecessarily short, lower mass flor rates are tested, as 

the cost of cryogenic pumps increases with mass flow rate.  

5.2.3 Optimization models 

The optimization models described below are used to optimize the flight schedules based on either 

minimum costs or minimum average delays. The procedure is realized on a time-step basis, where 

the day (00:00-24:00) is divided in time intervals of equal duration (Δ𝑡). A matrix of binary elements 

𝑝௜௝ indicates if the aircraft 𝑗 is being charged (refuelled) (𝑝௜௝ = 1) or not (𝑝௜௝ = 0) during time step 

Δ𝑡௜. The 𝑖 and 𝑗 subscripts indicate the interval and job (e.g. charging or refuelling), respectively, 

belonging to the sets of intervals {1,𝑁௜௡௧௘௥௩௔௟௦} and {1,𝑁௝௢௕௦}, where 𝑁௜௡௧௘௥௩௔௟௦ = 24/Δ𝑡 and 𝑁௝௢௕௦ 

equals the number of aircraft. In case of electric aircraft, a charging job is further divided into the 

number of chargers required per aircraft (e.g. five aircraft requiring two chargers each results in ten 

jobs). 

5.2.3.1 Cost optimization model 

The objective function of the cost optimization model minimizes the total daily costs 𝐶. For electric 

aircraft, this is defined as: 

 𝐶௘஺஼ = 𝑛௖௛𝐶௖௛ + ෍ ෍ 𝐶௘௟௘௖,௜

௡౴೟

௜ୀଵ

௡ಲ಴

௝ୀଵ

൬
𝑃௕௔௧௧,௝

1000
൰ Δ𝑡 𝑝௜௝ (11) 
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where 𝑛௖௛ is the number of chargers used, 𝐶௖௛ [€/day/charger] is the total daily costs per charger 

(CAPEX + OPEX11), 𝑛஺஼ is the number of aircraft in the flight schedule, 𝑛୼௧ is the total number of 

time steps, 𝐶௘௟௘௖,௜ [€/kWh] is the cost of electricity during the time step 𝑡௜ [h] of duration Δ𝑡 (constant 

during the optimization), 𝑃௕௔௧௧ [W] is the power needed to charge aircraft 𝑗.    

For the hydrogen aircraft, considering the use of trucks, the cost optimization is defined as: 

 𝐶ுଶ = 𝑛௧௥௨௖௞௦(𝐶௧௥௨௖௞௦ + 𝐶௖௥௬௢௣௨௠௣) (12) 

where the costs of trucks and cryopump (one per truck) comprises CAPEX and OPEX (including 

maintenance). By minimizing the number of trucks, the costs are optimized. Thus, the cost-

optimization yields the minimum number of trucks that is able to fulfil the flight schedule, considering 

the maximum accepted delay. The remainder of costs are dependent only on the total LH2 required 

to supply the demand, which is pre-defined during the fleet forecast and is independent of the flight 

schedule optimization. 

Alternatively, when pipelines are used in combination with dispensers (section 3.2), the cost 

optimization is defined as: 

 𝐶ுଶ = 𝑛௣௜௣௘௟௜௡௘௦൫𝐶௣௜௣௘௟௜௡௘௦ + 𝐶ௗ௜௦௣௘௡௦௘௥ + 𝐶௖௥௬௢௣௨௠௣൯. (13) 

Thus, for each main pipeline, it is assumed that a dispenser and a cryopump is needed.  

5.2.3.2 Delay optimization model 

The objective function of the delay optimization model minimizes the average delay 𝐷ഥ, defined as: 

 𝐷ഥ =
1

𝑛஺஼
෍ ෍ 𝑝௜௝

௡౴೟

௜ୀଵ

௡ಲ಴

௝ୀଵ

𝑞௜௝Δ𝑡  (14) 

where 𝑞௜௝ is a binary number which takes the value 1 when charging (refuelling) of aircraft occurs 

at a late time step, i.e. 

𝑞௜௝ = ൜
0, 𝑓𝑜𝑟 𝑡௜ ≤ 𝑑௝ − 𝑛ௗ,௝Δt

1, 𝑓𝑜𝑟 𝑡௜ > 𝑑௝ − 𝑛ௗ,௝Δt
  

where 𝑑௝ is the time step in which the aircraft 𝑗 departs from the airport and 𝑛ௗ,௝ is the number of 

time steps needed following the charging (refuelling) job, i.e. disconnecting the charger (hose) from 

the aircraft and realizing any required safety procedure. 

In case of hydrogen aircraft, the optimization takes into account not only the time to refuel the 

aircraft, including connecting/disconnecting, purging and chill-down, but also the time it takes for 

                                                   
11 OPEX includes maintenance which are estimated as a fraction of CAPEX (section 3.4). 
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the truck to go from the LH2 storage to the aircraft and back and the time for the truck to be refilled 

and ready for the next aircraft.  In practice, a truck could also refill more than one aircraft in the 

same trip. This is not considered, because it is a complex feature to model, while it is unlikely to be 

a frequent event.  

5.2.3.3 Constraints to the optimization problem 

The constraints are similar for both optimization models and also for electric and H2-aircraft. The 

main constraints are described below: 

Constraint 1: a battery (LH2 tank) can only be charged (refuelled) after the aircraft has arrived and 

until the aircraft has departed, i.e. 

 𝑝௜௝ = 0, 𝑓𝑜𝑟    𝑡௜ < 𝑎௝ + 𝑛௔,௝Δt     𝑜𝑟   𝑡௜ > 𝑑௝ − 𝑛ௗ,௝Δt (15) 

where 𝑎௝ is the time step in which the aircraft arrives at the airport and 𝑛௔ is the number of time 

steps needed after arrival before the aircraft can start charging. 

In order to study delays with respect to a reference flight schedule using kerosene-powered aircraft, 

the upper time limit may be replaced by the original aircraft departure plus a buffer, here set to one 

hour. 

Constraint 2: the total number of chargers (trucks) used for charging (refuelling) can never exceed 

the number of existing chargers (trucks), i.e. 

 ෍ 𝑝௜௝

௡ಲ಴

௝ୀଵ

≤ 𝑛௞, ∀𝑖 ∈ [1, 𝑛୼௧] (16) 

where 𝑛௞ = 𝑛௖௛ for electric aircraft and 𝑛௞ = 𝑛௧௥௨௖௞௦ for hydrogen aircraft. 

Constraint 3: all aircraft are charged (refuelled), i.e. 

 ෍ 𝑝௜௝

௡౴೟

௜ୀଵ

Δ𝑡 = 𝑃௝ , ∀𝑗 ∈ [1, 𝑛஺஼]  (17) 

where 𝑃௝ is the charging (refuelling) time of aircraft 𝑗. 

Constraint 4 (optional): never charge for only a single time step (depending on the time step it 

would be unpractical to do so), i.e. 

 𝑝௜௝ ≤ 𝑝௜ିଵ௝ + 𝑝௜ାଵ௝ , ∀𝑗 ∈ [1, 𝑛஺஼], ∀𝑖 ∈ [2, 𝑛୼௧ − 1]. (18) 

In case of H2 aircraft, constraint 4 is expanded to ensure that refuelling is never interrupted. 
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In addition to the constraints above, a maximum delay is fixed during the cost optimization and LH2 

aircraft are only refuelled within a six hours period prior to departure the departure time to minimize 

H2 boil-off12. Furthermore, in case of electric aircraft, when one charger is not sufficient to achieve 

the required power, the charging job is divided based on the number of required chargers, which 

are then forced to work in parallel13. 

  

                                                   
12 The maximum time prior to departure that an aircraft may be fuelled with LH2 is not currently known as far as the 
authors are concerned. 
13 The use of chargers in parallel is being studied within TULIPS and is assumed here to be already implemented 
as of 2030. 
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 Regional airport case study: Rotterdam The Hague 
Airport  
The previous chapters provided an introduction on hydrogen and electric aircraft technology and 

the associated infrastructural and operational impact. This chapter considers a case study for the 

regional airport selected, namely, the Rotterdam The Hague Airport, on which electric and 

hydrogen powered aircraft are introduced.  

Section 6.1 provides general information about the airport. Subsequently, in section 6.2 an 

overview is given of possible infrastructure scenarios for the airport. Next, in section 6.3 the traffic 

forecast for the airport is described in detail. In section 6.4 and 6.5, the impact on scheduling, costs 

and energy requirements are presented.  

 Background information Rotterdam The Hague Airport 

Rotterdam The Hague Airport is part of the Royal Schiphol Group and is located in the 

Zestienhovensepolder in between Rotterdam and The Hague. The airport is specialized in 

commercial flights to more than 50 European destinations like London City, Alicante, Malaga and 

Faro, operated by eight airlines (Rotterdam The Hague Airport, 2022).   

RTHA is the third biggest airport of the Netherlands and facilitated 2.1 million passengers and more 

than 50.000 flight movements in 2019, including general aviation (Rotterdam The Hague Airport, 

2020).  

6.1.1 Design of RTHA 

RTHA operates a 2220 meter long and 45 meter wide runway in either north-easterly or south-

westerly direction. The airport has twelve remote platforms and boarding is realized via aircraft 

stairs. Depending on the distance between the aircraft and the terminal, the passengers walk from 

the terminal to the aircraft or are transported by bus. 

In addition, a solar park connected to the grid at the Rotterdam The Hague Airport (2021) produces 

approximately 14 GWh per year (approximately three times more electricity than the airport 

requires). 

6.1.2 Slot allocation and operating restrictions  

As of March 2004, the airport has a slot allocation for landing and take-off. This allows the available 

capacity within the noise space to be distributed on the basis of international rules. The slot 

allocation applies to aircraft with a take-off weight greater than 6000 kg and more than 19 seats. 

Government flights, emergency landings and humanitarian flights are excluded from the slot 

regulation. 
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The Rotterdam The Hague Airport is not limited by number of movements but by a yearly noise 

quota. The number of available slots therefore depends on assumptions for distribution over a 24-

hour period and the types of aircraft used (Royal Schiphol Group, 2020). 

Regular opening hours are from 05:00 to 21:00 UTC (07:00–23:00 LT). Outside these hours no 

slots can be allocated, except for:  

 Incoming positioning flights for which slots can be allocated 04:00–20:59. 

 Departing flights for which slots can be allocated at 04:55. These flights are however not 

allowed to take off before 05:00. 

Individual incoming flights are allowed to be delayed into the period 21:00-22:59. These night-

delays should be no more than 3% of the slots allocated to an operator. The latest departure slot 

for any commercial passenger flight is 19:55.  

6.1.3 Hydrogen projects  

RTHA is part of a partnership with ZeroAvia and Royal Schiphol group, in which a zero 
emission commercial passenger flight between Rotterdam The Hague Airport and London is 
being planned for 2024. ZeroAvia develops a hydrogen drivetrain for a 19-seater aircraft, using 
hydrogen fuel cells to power the electric motors. The partnership also researches hydrogen 
infrastructure and refuelling operations that will be installed, tested and demonstrated at the 
Rotterdam The Hague Airport. In addition, they explore the possibilities to facilitate the 
commercial adaptation of hydrogen aircraft and regulations surrounding hydrogen aircraft 
(ZeroAvia, 2021). Next to this, RTHA is also partner of the AeroDelft hydrogen aircraft student 
team (Rotterdam The Hague Airport, 2022). Hydrogen infrastructure for the tests of AeroDelft 
will be developed on RTHA’s airside. 

 Scenario for infrastructure RTHA 

Chapter 0 presented an overview on the impact of hydrogen and electric aircraft on airport 

infrastructure. This concerns scenarios for airports of different sizes. Since each airport has its own 

characteristics, this chapter will discuss the details of the possible effects on infrastructure at RTHA. 

This will also be used as input data for the optimization. The implementations and adjustments for 

hydrogen (electric) infrastructure are divided into refuelling (charging) of aircraft and the distribution 

of hydrogen (electricity) to and within the airport.  

6.2.1 Hydrogen infrastructure 

The Rotterdam The Hague Airport proposed an area of 32,000 m2 at the airside for sustainable 

implementations, such as hydrogen and electric aircraft remote stands, located north-east of the 

current remote stands (figure 14). Hydrogen aircraft can be handled and refuelled at the twelve 

existing remote platforms or at the proposed area. It is important to integrate the safety zones in 

the new designs of the remote stands. It is noted that hydrogen aircraft can only be refuelled in the 

existing remote platforms when the aircraft dimensions and the remote stands fit within the safety 

zone. The definition of the size required for this safety zone requires further research (McKinsey & 
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Company, 2020). Furthermore, it is noted that the safety zone is also applicable to the area around 

the storage facility. 

  
Figure 14. Proposed area (red square) for hydrogen and electric aircraft RTHA (Rotterdam The Hague Airport, 
2022) 

6.2.1.1 Distribution to the airport  

Even though the demand for hydrogen is expected to increase to about 13,000 tonnes in 2050, 

(section 6.5), it is considered insufficient for on-site liquefaction. Hydrogen is, therefore, assumed 

to be liquefied at the Port of Rotterdam and delivered by road trucks to the storage facility in the 

period from 2030 to 2050. The following aspects support this assumption:  

 only a small liquefaction plant (<35,000 tonnes a year) would be required on-site, yielding 

high capital and operational costs per kilogram of LH2 in comparison to large liquefaction 

plants that can be built off-site (Hoelzen, et al., 2022). 

 The Rotterdam The Hague Airport is close to the Port of Rotterdam where hydrogen 

production and liquefaction can take place. In case of transportation from abroad, liquid 

hydrogen can be delivered through the Port of Rotterdam. 

 There are many technical and safety aspects involved in building a pipeline, resulting in 

relatively high investment cost for pipelines (ATI, 2022), including costs due to stakeholder 

management and purchasing of land. 

In addition the storage is assumed to hold a buffer that is able to attend a demand of three days. 

Therefore, in the event of delivery failure from outside the airport, it is still possible to refuel the 

hydrogen aircraft. 
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6.2.1.2 Distribution at the airport  

It is assumed that refuelling trucks will be used at the airport to transport liquid hydrogen from the 

storage facility to the aircraft. When the refuelling truck is not in use, there are different parking 

options. It can park nearby the storage facility or at a designated parking area. In both cases, the 

safety zones will have to be taken into account. It is assumed that the distribution of hydrogen at 

the airport will not be adapted to a hydrant system due to the low investment costs of refuelling 

trucks compared to the high investment cost of constructing a pipeline (Hoelzen, et al., 2022). The 

hydrogen supply for RTHA is given in figure 15. 

 

Figure 15. Hydrogen infrastructure RTHA 2030-2050 

6.2.2 Electric infrastructure 

This chapters provides information on the choices for RTHA infrastructure concerning the handling 

and charging of electric aircraft.  

6.2.2.1 Electric aircraft handling and charging  

Rotterdam Airport (Rotterdam The Hague Airport, 2022) has proposed multiple possibilities to 

handle electric aircraft at different locations. As part of TULIPS WP2, RTHA is working on electric 

infrastructure at the Vliegclub Rotterdam. In addition, the other flight club at RTHA, the 

Rotterdamsche Aero Club (RAC) also has ambitions to electrify. RTHA works together with the 

RAC to identify the required electric infrastructure for electric recreational general aviation (with the 

Diamond eDA40 as proposed electric aircraft). Recreational general aviation including visitors, a 

suitable group to electrify in the near future, are handled at this specific location. However, aircraft 

MTOW and wingspan are limited at these platforms to 2000 kilograms and 13.5 meters, 

respectively (Rotterdam The Hague Airport, 2022). The expected electric aircraft investigated in 

this study (table 24) have MTOW larger than 2000 kilograms and cannot be handled at these 

locations. 

The proposed area (figure 14) at RTHA can be used for sustainable purposes like electric and 

hydrogen aircraft, including the construction of remote stands containing electric chargers. This 

area is nearby the passenger terminal, however the crossing of a taxiway requires passenger 

handling by bus. When electric aircraft are only charged here, the handling is centralized.  

Electric aircraft handling and charging could also be realized at the existing twelve remote stands. 

Other ground operations (e.g. baggage handling) can also be performed there. However, in this 

case, certain remote stands are temporarily unavailable during the installation of the chargers. 

When the chargers are installed it is important that RTHA has an overview of the precise arrival 
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and departure times of electric aircraft so that the remote stand is available when an electric aircraft 

needs to be charged (and not occupied by an alternative fuel aircraft). 

Furthermore the designated area and existing remote stands could be used in combination, 

resulting in decentralized handling. Further research into decentralization or centralization of 

electric and hydrogen aircraft is being carried out by RTHA.  

6.2.2.2 Chargers at the airport  

As mentioned in section 3.3.2, 1 MW (DC) fixed chargers are assumed in this study. These 

chargers can be connected to the grid or to the airport’s microgrid infrastructure. The solar park at 

RTHA is currently directly connected to the grid and supplies power to the network. Therefore, 

adjustments will have to be made to create an own microgrid infrastructure. This will reduce the 

costs for electricity, but is not included as a scenario in the model. Further research into the grid 

network at and to the airport, will be done in TULIPS WP3.  

Since the number of electric aircraft movements is expected to increase over the years, 

adjustments in the number of chargers and stands will probably be required in the period from 2030 

to 2050.     

 Traffic forecast 

The traffic forecast is done based on historical flight data of 2019 specific of the analysed airports 

(RTHA and Schiphol). First, the flight data is filtered out, removing helicopters and flights without 

passengers. The flight data is then organized, matching arrivals and departures in order to calculate 

the time individual aircraft spent at the airport. Flights that remain at the airport for longer than 

seven days are also discarded in this study. After organizing the flight data, a fleet forecast is done 

then from 2019 up to 2050. This considers revenue-passenger-kilometres (RPK) growth and fleet 

replacement of older aircraft by newer types, which may be kerosene, electrically or hydrogen-

powered aircraft. 

First, the aircraft ages are established based on registration numbers and an internal NLR 

database. Aircraft age classes are then established in time intervals of three years (figure 16). The 

aircraft ages are updated every year, while retirements are ensured by imposing a limit on how 

much the age distribution is allowed to change along the years. This is done based on fractions 

rather than total numbers, as the latter changes due to traffic growth. Taking the age class of the 

2019 fleet as reference, the following rules are applied in every yearly update of the fleet: 

1. The fraction of aircraft per age class should not exceed 150% of the reference age class 

distribution (2019 fleet); 

2. When this occurs, a part of the excess aircraft—above 100% of the original age class—is 

retired, with different weights that depend on the aircraft age class (the weights applied to 

the excess is given on table 32). The weights ensure that the aircraft are allowed to age, 
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while still controlling that the age class distributions do not deviate sufficiently from the 

original distribution. 

 

 
Figure 16. Aircraft age distribution change between 2019 and 2020 

Table 32. Weights applied to aircraft retirement. The weights are only applied to the excess of aircraft (above 
100% of aircraft fraction from the age-class distribution of the 2019 fleet). 

Age class (years) 0-3 3-6 6-9 9-12 12-15 15-18 18-21 21-24 24-27 >27 
Excess AC 
retired 

10% 10% 20% 30% 40% 50% 50% 70% 90% 100% 

The chosen method for aircraft replacement is deemed more accurate than using aircraft retirement 

curves that consider the actual lifetime of an aircraft (from delivery to storage). This is because 

different regions of the globe may have different thresholds for aircraft age, meaning that many 

aircraft stop operating in Europe long before they are actually retired. 

Estimation of traffic growth is done based on AEOLUS forecasts for ‘low’ and ‘high’ restricted 

scenarios, provided by Schiphol. Both scenarios assume that there will not be any lasting effects 

from the COVID pandemic. A ‘mid’ restricted scenario, derived from the provided data (figure 17), 

is then used to predict growth for the RTHA airport. The average growth rate in the period from 

2019 (year base of this study) to 2050 is 2.3%. 
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Figure 17: AEOLUS RPK forecast for RTHA airport (restricted scenarios) relative to 2017. Data for low and high 

restricted scenarios provided by Schiphol. Mid scenario obtained by fitting a polynomial to the data provided. 

The replacement by electric and hydrogen aircraft (listed in chapter 2) is based on the aircraft seat 

and design range and the number of passengers and range of the missions from the historical data. 

Only missions that reasonably match the aircraft specification are considered for replacement: 

1. Aircraft design range must be larger than the mission range14, but not larger than 500%. 

2. Aircraft seat capacity must be larger than 80% of original flight passenger number, but not 

larger than 400%. 

Note that the second condition assumes that a minor reduction of seat capacity would be 

acceptable. This could mean more flights would be needed or that the passenger load factor would 

increase. 

From all aircraft satisfying those conditions, the aircraft that best approximates the flight conditions 

is selected. As number of seats and range have different orders of magnitude a weight is also 

applied here to define the most suitable, i.e. the aircraft that satisfies the following minimization: 

 min ඥΔ𝑅𝑎𝑛𝑔𝑒ଶ + 10 Δ𝑆𝑒𝑎𝑡𝑠ଶ (19) 

Furthermore, it is noted that the electric aircraft range increases over time as new battery 

technology is introduced into the market. This effect has been taken into account in this analysis 

by updating the aircraft range accordingly, based on the battery energy densities given on table 33, 

derived from the ICCT’s white paper (Mukhopadhaya & Graver, 2022). 

                                                   
14 Alternate airport has not been considered when estimating the mission distance. According to new EASA’s rules, 
alternate airport is not required if the airport destination is isolated or if the flight is less than 6 hours and there are 
at least two separate runways available at the destination (EASA Community Network, 2022). 
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Table 33. Battery energy density forecast 

Year Wh/kg 

2020 240 

2025 267 

2030 300 

2035 340 

2040 387 

2045 440 

2050 500 

The number of new aircraft that are allowed to be replaced by hydrogen and electric aircraft is 

constrained by a take-rate. For hydrogen, the take-rates (Hoelzen, et al., 2022) have an impact, 

ensuring a smooth transition from kerosene to H2 aircraft. Without imposing a take-rate, there would 

be an unrealistic replacement by LH2 aircraft already in 2040, especially by the Airbus LH2 turbofan, 

as many mission criteria are matched by this aircraft. For electric aircraft, the take-rate is assumed 

100% (allowing all eligible missions to be replaced by electric aircraft), as the number of the original 

flight missions that can be replace by electric aircraft is relatively small, and further restricting it was 

deemed unnecessary. 

The traffic forecast for RTHA, including all characteristics discussed above is shown in figure 18. 

The current fleet is completely replaced in a period of 25 years. By 2030, the impact of hydrogen-

powered aircraft in the RPK is still negligible. By 2040, hydrogen aircraft amount to 34% of the total 

RPK, increasing further to 53% by 2045 and 56% by 2050. Electric aircraft represent 0.1% of the 

RPK in 2030 and 0.3% from 2035 onwards.  

 

Figure 18. Traffic forecast of RTHA, divided according to aircraft class 
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The number of movements per hydrogen is shown in figure 19. From 2025 to 2035, ZeroAvia 

aircraft are the only hydrogen aircraft flying, amounting in total to 169 movements in 2030 and 374 

in 2035, of which 93-94% are performed with the ZA2000. From 2040 onwards, hydrogen aircraft 

movements increase significantly, mainly due to the Airbus LH2 turbofan, which comprises 87-90% 

of the movements from that moment onwards. In 2050, movements with hydrogen aircraft reach 

over 8000 per year.  

 

Figure 19. Number of movements per H2-aircraft (RTHA). 

The number of movements per electric aircraft is shown in figure 20.  In 2030, the estimated number 

movements of electric aircraft for RTHA is comparable to that of hydrogen and divided between 

two aircraft types: MAEVE 01 (68%) and Heart Aerospace ES-30 (32%). In 2050, the number of 

movements scales up by a factor of four relative to 2030, however, it remains about a tenth of that 

using hydrogen aircraft. The share of movements is still mainly dominated by MAEVE01 (67%) and 

ES-30 (26%) and the remaining divided among the Embraer E9-FE (5%), Eviation Alice (2%) and 

Tecnam P-Volt (0.1%).  
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Figure 20. Number of movements per electric aircraft (RTHA). Heart Aerospace ES-30 is divided in three types. 
Type A: full-electric (30 pax, 200 km range at EIS). Type B: hybrid-electric (30 pax, 400 km range at EIS) and 
Type C: hybrid-electric (25 pax, 800 km range at EIS). 

The results above indicate which aircraft types better match the projected demand of RTHA based 

on the 2019 historical data. It is worth noting, however, that this analysis does not consider the 

availability of H2 or of sustainable energy, the impact of increasing costs on demand, new demand 

that cannot be represented by extrapolation from the historical data (e.g. electric aircraft used as 

air taxi), airport capacity, strategic airline behaviour, the  economics of market competition between 

the different aircraft or important characteristics for airlines, such as the aircraft specific fuel 

consumption, noise and emissions, which might change RPK growth and the distribution of aircraft 

types. 

 Impact on scheduling and costs  

In this chapter, the impact on scheduling in terms of delays15 and costs is calculated for the horizon 

years 2030, 2040 and 2050. This is done based on the flight schedule optimization (section 5.2) 

and on the traffic forecast (section 6.3). 

                                                   
15 Delay here is defined with respect to the original flight schedule, where kerosene-powered aircrafts were used. 
In reality airlines would adjust to the new turnaround time and delays, as well as the aircraft utilization, would be 
reduced. 
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6.4.1 2030 

By 2030, the number of departures per day of electric and H2 aircraft in RTHA is about 170 per 

year for H2 aircraft and close to 200 for electric aircraft (section 6.3). The movements are spread 

out over approximately 100 days per year (figure 21), with most of them (60 days) comprising of a 

single flight. With peak demands of six and seven departures per day for hydrogen and electric 

aircraft, respectively, the impact on scheduling is expected to be low. 

 

Figure 21. Number of departures per day projected to 2030 (RTHA). 

6.4.1.1 Hydrogen aircraft 

The busiest day in 2030, comprising six flights by hydrogen aircraft, is analysed first to determine 

the impact and the economics of introducing hydrogen aircraft. All flights are performed by 

ZeroAvia’s ZA600 and ZA2000 aircraft. They all have arrived prior to the day of departure. 

However, due to boil-off of H2, a further restriction is imposed, such that the aircraft can only be 

refuelled at the earliest six hours from departure. 

Given the small demand of H2-powered flights in 2030 and also the relatively small amount of fuel 

carried by ZeroAvia’s LH2 aircraft, cryopumps with reduced mass flows (in comparison to 20 kg/s 

estimated by Mangold et al. 2022) may be used. In this case, a mass flow of 0.5 kg/s is chosen.  

The optimized flight schedule is shown in figure 22. The light grey area shows the time window 

where refuelling the aircraft is possible, while the dark grey shows the time slot where refuelling 

occurs. This comprises the trip of the fuel truck to the aircraft, the refuelling itself, including all the 

necessary steps (purging, cooling, connecting and disconnecting), and back to the storage location.  

As it can be observed in figure 22, a single truck is able to satisfy the demand. The total cost, 

including LH2, helium, electricity, cryopump, trucks (with fuel) and storage, during the peak day is 
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€ 2800. The seven flights combined require 478 kg of LH2, yielding a cost of € 5.96 per kg of LH2 

tanked.  

 

Figure 22. Optimized flight schedule for H2-aircraft (refuelling by one truck) in 2030 (RTHA). Light grey: available 
time for refuelling. Dark grey: AC refuelling time, including (dis)connecting, purging, cooling, truck trips and truck 
refuelling. The time interval represented by the black lines is 12 min. 

The cost breakdown of LH2 is shown in figure 23, where CAPEX and OPEX are grouped together. 

Liquefaction is outsourced (H2 is delivered at RTHA in liquid form) and is therefore included in the 

price of LH2, which represents 85% of the total. Truck costs amount to almost 7% (including trips 

cost), the cryopump to 6% (including electricity) and storage amounts to about 3%. Helium costs 

for purging is negligible (0.3%). 

 

Figure 23. Breakdown of LH2 costs (one truck and cryopump mass flow of 0.5 kg/s) in 2030 (RTHA). 

The optimization is then performed for all days of 2030, using the same settings. The annual costs 

is € 256,000 or € 12.77 per kg(LH2), of which 59.4% are fixed costs due to trucks, cryopumps and 
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storage. The average delay of all days is 0.9 ± 3.8 minutes16, while the average maximum delay is 

1.3 ± 5.7 minutes. 

6.4.1.2 Electric aircraft 

In the day with the largest number of electric aircraft movements (7 departures), the cost-

optimization requires a minimum of four chargers to satisfy the demand and keep delays at a 

maximum of 3 hours. The cost per day, in this case, is €3860, yielding a cost of €5.59 per kilogram 

of LH2,eq (table 34), that is, the cost per equivalent mass of liquid hydrogen that yields the same 

energy as that used to charge the electric aircraft17. The average and maximum delays are about 

63.4 and 168 minutes, respectively.  

Table 34. Comparison of different optimizations objectives and number of chargers for the day with highest amount 
of electric aircraft in 2030 (RTHA). 

Min. Number of 
chargers 

Costs 
[€/day] 

Costs 
[€/kg(LH2eq)] 

Average Delay 
[min] 

Max. Delay 
[min] 

Costs 4 3860 5.59 63.4 168 
Delays 3 4320 6.26 70.3 132 
Delays 4 4120 5.96 39.4 60 
Delays 5 4150 6.00 25.7 36 
Delays 6 4220 6.12 25.7 36 
Delays 7 4330 6.27 17.1 24 

 

When the delay-optimization is performed for the same number of chargers (figure 24), the cost 

per day increases to €4120 (€5.96 per kilogram of LH2,eq), of which 7.7% is due to chargers (CAPEX 

and OPEX), while 92.3% due to electricity. The difference in this case being only due to different 

charging times, as the price of electricity varies along the day. The average and maximum delays 

are 39.4 and 60 minutes, respectively. Further increasing the number of chargers, yields additional 

reduction in delays (table 34), however, at the expense of higher costs. The most suitable number 

of chargers, depends on how much airlines and airports are willing to extend the current turnaround 

times, when dealing with electric aircraft. For instance, the estimated charging time for the missions 

performed during the peak day with MAEVE 01 were approximately 36, 48 and 60 minutes, when 

charged with four, five and seven parallel chargers, respectively. 

                                                   
16 Throughout this report “±” is used to indicate the standard deviation. 
17 This unit is chosen for comparability with the study cases for hydrogen aircraft. The low heating value of liquid 
hydrogen used for the conversion is 120 MJ/kg. 




