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ABSTRACT 
 Hydrogen is considered one of the most promising 
alternative fuels for aviation, which can be used to power 
aircraft and airport ground services. Onsite hydrogen 
production from renewables can be suitable for small-
size airports, while the larger size airports can be 
supplied through transportation either from dedicated 
green hydrogen production plants or other sources of 
hydrogen. This paper presents a study of two hydrogen 
supply scenarios, one taking the small airport of 
Stockholm Skavsta as a case study for in-house hydrogen 
production. The second is evaluating offshore green 
hydrogen supply to the large size airport of Arlanda. The in-house 
hydrogen production evaluates 18 scenarios covering all 
possible scenarios for alkaline, PEM, and solid oxide 
electrolysis as production means and compressed, cryo-
compressed, and liquid gas as storage, with power supply 
from grid and grid plus in-house solar system. The 
optimum production and storage facility size is 
determined in association with the levelized cost and 
carbon emissions for each scenario. For the large-size 
airport, the study evaluates the hydrogen supply from 
offshore production facilities transported as 
compressed, cryo-compressed, or liquid gas via offshore 
pipeline and onshore pipeline, Offshore pipeline and 
truck, Ship and onshore pipeline, or Ship and truck. The 
results showed the levelized cost to be between 2.93 - 
2.44 Euro/kg H2 in the case of in-house production. 
Compressed hydrogen offshore and onshore pipeline is 
the least cost for Arlanda airport hydrogen supply. This 
paper demonstrates a direction for aviation sector 
decarbonization and establishes a pathway for airports' 
in-house hydrogen production and outsourced hydrogen 
supply. 
Keywords: Hydrogen, Hydrogen for aviation, Electrolysis 
systems, Hydrogen inhouse production.  

NOMENCLATURE 
Abbreviations  
Ker Kerosene   
LHV Low heating value  
η Efficiency  
H2 Hydrogen 
St Storage 
Elec Electricity  

1. INTRODUCTION 
 Transportation sector emissions are expected to 
increase in the future as estimated by the international 
energy agency [34], in order to reduce that emissions 
and for the European aviation sector to reach net-zero 
emissions from all flights within and departing from the 
European Union by 2050 alternative fuels must be 
developed. Hydrogen is among the most promising fuels 
to be used [35]. Hydrogen can be used as a combustion 
fuel or electrical power source through fuel cells. Several 
prototypes were made for both usages starting from the 
early 20th century [1] and more recently for fuel cell 
usage [2]. Aircraft design must be changed to match the 
storage and combustion requirements of hydrogen, As 
the hydrogen have a 2.6 times higher heating value and 
4 times storage volume comparing to the Kerosine’s  
[3]. 
 A color code has been assigned to hydrogen based on 
the environmental effects of the production mean. The 
green hydrogen is the most environment friendly type 
which mainly produced by water electrolysis powered by 
renewable energy [4]. Water electrolysis technologies 
are mainly classified by the process temperature and the 
electrolyte PH. Based on the process temperature low-
temperature processes (T < 150°C), medium 
temperature processes (200°C < T < 600°C), and high-
temperature processes (>600°C). Based on the PH the 
electrolysis technologies divided into alkaline and acidic 
electrolyte [5]. The alkaline electrolyzers work in low 
temperature range and handle pressure up to 30 bar. 
The power consumption of this type, range between 7.5 
to 4.3 kW.h/Nm3H2 with efficiency in the range of 52.8% 
and 82.3% [6]. The second type is the proton exchange 
membrane (PEM) electrolyzers that use acidic electrolyte 
and work on the medium temperature range with 
pressure between 30-80 bar. the power consumption of 
PEM electrolyzers range between 45-65 kW.h/kg H2 and 
efficiency reach up to 64 %, (Grigoriev et al., 2020). The 
third type is the solid oxide (SO) electrolyzers which still 
in research phase and only available in laboratory- scale 
with experimental power consumption result obtained 
about 3.77 kW.h/Nm3H2 with a waste heat share of 16% 
and electricity share of 84%. 
 Hydrogen is characterized by low volumetric density, 
high flammability, and high burning velocity which 
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present ongoing research challenge for hydrogen storage 
[36]. The main hydrogen storage technologies can be 
divided into five main forms, high pressure gas, liquid, 
cryo-compressed gas, chemical compounds and physical 
adsorbed [8]. The market available high pressure gas 
cylinders can store hydrogen up to 80MPa where the 
volumetric density reach 36 kg/m3, (Züttel, 2004) and 
(Langmi et al., 2022). The liquid hydrogen is stored in 
cryogenic tanks at a temperature the critical 
temperature, commonly around 21K where the liquid 
hydrogen density is 70.8 kg/m3, [10]. Cryo- compressed 
storage is a combination of the latter mentioned storage 
types where the hydrogen gas compressed at a cryogenic 
temperature and stored in a vessel equipped with a set 
of auxiliary equipment to maintain the cryogenic 
temperature. The energy consumption and efficiency of 
the cryo-compression storage depend on the process's 
pressure and temperature ( Ahluwalia et al., 2016). 
 Hydrogen usage in aviation has been a growing 
research area. Janic, (2010) studied the environmental 
effects of hydrogen usage in aviation sector where they 
concluded that the hydrogen would provide a 
sustainable solution to reduce emissions except the H2O 
emissions. Hoelzen et al., (2022) found out that for large 
demand airports the optimum liquid hydrogen supply 
method is pipeline with hydrant system while for airports 
with less than 125 kT LH2 annual demand, refueling truck 
set up is the optimum. Inversely [14] concluded that LH2 
to be transported as a liquid is the most economical 
solution up to 150 t/day demand and for higher demands 
gaseous pipeline transportation is the most economical 
Option. Schenke et al., (2023) proved the availability of 
resources to move toward hydrogen powered aviation 
globally, the only critical resource they found was the 
PEM electrolysis catalyst materials, this proves the 
important of including the solid oxide electrolysis in this 
study. 
 The economy of scale has a high impact on hydrogen 
production cost as highlighted by several authors. Ball & 
Weeda, (2016) estimated the hydrogen cost to be 
between 2-6 €/kg for large-scale systems (3000-4000 kg) 
capacity size, with an electricity price in the range of 25 
to 40 €/MWh. Also Kayfeci et al., (2019) estimated the 
Levelized cost of hydrogen production via electrolysis 
using different sources of electricity to be between 5.89-
2.17 $/kg. UK Department for business, energy, and 
industrial strategy, (2021) estimated the hydrogen cost 
to be between 180-50 £/MW.h of H2 (HHV), depending 
on the production scale. 
 This paper contributes to finding the optimum 
pathway for small airports in- house hydrogen 
production and the optimum transportation method to 
supply offshore produced hydrogen to large size airports. 

2. METHODOLOGY  
This paper adopts readymade simulation models and 

develops mathematical models to evaluate two case 
studies, one for in-house hydrogen production and the 
second for offshore green hydrogen supply. 

2.1 Airport inhouse hydrogen production 

This scenario simulates an in-house hydrogen 
production system for Stockholm Skavsta airport. The 
airport serves 16 east Europe destinations with distance 
in range of (1942 km - 500 km). The flights are operated 
by Wizz Air [37], with a fleet comprising Airbus A320 
airplanes (170-140 seats) [38] [39]. The passenger’s data 
have been taken for the year 2019 as it represents pre 
COVID-19 data, [40]. By assuming the equal distribution 
of passengers to the destinations and considering the 
airport daily working hours (16 hours) a flight scheduling 
plan is made accordingly. 

2.1.1 Hydrogen Demand 

 The hydrogen fuel demand is estimated as per the 
following equations. 

Air traffic estimation: 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑜𝑜𝑑𝑑𝑑𝑑𝑓𝑓ℎ𝑡𝑡𝑡𝑡 𝑝𝑝𝑁𝑁𝑁𝑁 𝑑𝑑𝑁𝑁𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑𝑜𝑜𝑑𝑑 =
𝑁𝑁𝑜𝑜𝑁𝑁𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 � 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑝𝑝𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

8760.  #𝑜𝑜𝑜𝑜 𝑑𝑑𝑝𝑝𝑝𝑝𝑑𝑑𝑑𝑑𝐴𝐴𝐴𝐴𝑑𝑑𝑑𝑑𝑜𝑜𝐴𝐴𝑝𝑝.  𝑝𝑝𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝐴𝐴𝑑𝑑𝑝𝑝ℎ𝑑𝑑𝑝𝑝
�         (1)  

Conventional fuel (Kerosene) demand: 

𝐾𝐾𝑁𝑁𝑁𝑁 𝑑𝑑𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑜𝑜𝑁𝑁𝑁𝑁𝑑𝑑 𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡𝑁𝑁𝑝𝑝𝑡𝑡𝑑𝑑𝑜𝑜𝑑𝑑 . 𝑜𝑜𝑑𝑑𝑑𝑑𝑓𝑓ℎ𝑡𝑡 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑐𝑐𝑁𝑁   (2) 

 
Hydrogen demand fuel cell scenarios: 

𝐻𝐻2𝐷𝐷𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝐹𝐹𝐹𝐹
=
𝐾𝐾𝑁𝑁𝑁𝑁 𝐷𝐷𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑 .   𝐾𝐾𝑁𝑁𝑁𝑁 𝐿𝐿𝐻𝐻𝐿𝐿.  𝜂𝜂𝐴𝐴𝑑𝑑𝑝𝑝𝐴𝐴𝑝𝑝𝐴𝐴𝑜𝑜𝑑𝑑 𝑝𝑝𝐴𝐴𝑝𝑝𝑑𝑑𝐴𝐴𝑝𝑝

𝐻𝐻2 𝐿𝐿𝐻𝐻𝐿𝐿 .  𝜂𝜂𝐹𝐹𝐹𝐹  
                   (3) 

Hydrogen demand combustion scenarios: 

𝐻𝐻2 𝑑𝑑𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝐹𝐹 =
𝐾𝐾𝑁𝑁𝑁𝑁 𝐷𝐷𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑 .𝐹𝐹𝑁𝑁𝑁𝑁𝑑𝑑 𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡𝑁𝑁𝑁𝑁𝑝𝑝𝑡𝑡𝑑𝑑𝑜𝑜𝑑𝑑 𝑜𝑜𝑑𝑑𝑐𝑐𝑡𝑡𝑜𝑜𝑁𝑁                           (4)  

Then we add 10% as safety fuel to the highest 
consumption of the two methods to be used in the rest 
of the study. 

2.1.2 Scenarios setup 

Scenarios are set to study all combinations of power 
sources, electrolysis types and storage methods as per 
Table 1.  
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2.1.3 Input data 

Input data mainly collected from literature and 
applicable reports, the power consumption data for the 
electrolyzers and storage processes is shown in Table 2. 
The system components’ cost adjusted to Euros and 
lifetime data can be seen in Table 3. The Energy and 
emissions data are shown in Table 4. 

2.1.4 Calculations 

A mixed-integer linear programming model is built to 
calculate the optimum size of the electrolyzer, storage 
and decide the optimum operation scheduling using the 
inputs in Table 2-4 and the equations (5) & (6). 

 
The optimization is under the main assumptions of 

constant electrolyzer power consumption at all 
operation levels, no losses in the storage, no 
degradation, project lifetime is 20 years, and a one-year 
hourly cost of electricity is assumed the same for the 
project lifetime. 

 

 
For scenarios using grid as a power source. 

𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑𝑁𝑁𝑑𝑑𝑀𝑀𝑁𝑁 𝑀𝑀 = 𝐸𝐸𝐿𝐿𝑐𝑐𝐹𝐹𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶.𝐸𝐸𝐿𝐿𝑐𝑐𝑆𝑆𝑑𝑑𝑆𝑆𝑝𝑝 + 𝑆𝑆𝑡𝑡𝐹𝐹𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶 . 𝑆𝑆𝑡𝑡𝑆𝑆𝑑𝑑𝑆𝑆𝑝𝑝 +
∑𝐸𝐸𝑑𝑑.𝑃𝑃𝑁𝑁𝑑𝑑𝑐𝑐𝑁𝑁.𝐻𝐻𝑃𝑃. �𝐸𝐸𝑑𝑑𝑐𝑐𝐶𝐶𝐴𝐴 + 𝑆𝑆𝑡𝑡𝑝𝑝𝑝𝑝𝐴𝐴� + 𝐶𝐶𝐶𝐶2 𝑃𝑃𝑁𝑁𝑑𝑑𝑐𝑐𝑁𝑁.𝐻𝐻𝑃𝑃�𝐸𝐸𝑑𝑑𝑐𝑐𝐶𝐶𝐴𝐴 +
𝑆𝑆𝑡𝑡𝑝𝑝𝑝𝑝𝐴𝐴�                                                                                          (5)  

For grid + Solar scenarios. 

𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑𝑁𝑁𝑑𝑑𝑀𝑀𝑁𝑁 𝑀𝑀 = 𝐸𝐸𝐿𝐿𝑐𝑐𝐹𝐹𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶.𝐸𝐸𝐿𝐿𝑐𝑐𝑆𝑆𝑑𝑑𝑆𝑆𝑝𝑝 + 𝑆𝑆𝑡𝑡𝐹𝐹𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶 . 𝑆𝑆𝑡𝑡𝑆𝑆𝑑𝑑𝑆𝑆𝑝𝑝 +
∑𝐸𝐸𝑑𝑑.𝑃𝑃𝑁𝑁𝑑𝑑𝑐𝑐𝑁𝑁.𝐻𝐻𝑃𝑃𝐶𝐶𝑝𝑝�𝐸𝐸𝑑𝑑𝑐𝑐𝐶𝐶𝐴𝐴 + 𝑆𝑆𝑡𝑡𝑝𝑝𝑝𝑝𝐴𝐴� +
𝐶𝐶𝐶𝐶2 𝑃𝑃𝑁𝑁𝑑𝑑𝑐𝑐𝑁𝑁.𝐻𝐻𝑃𝑃𝐶𝐶𝑝𝑝�𝐸𝐸𝑑𝑑𝑐𝑐𝐶𝐶𝐴𝐴 + 𝑆𝑆𝑡𝑡𝑝𝑝𝑝𝑝𝐴𝐴� + 𝑆𝑆𝑃𝑃. 𝐿𝐿𝐶𝐶𝐶𝐶𝐸𝐸 .𝐻𝐻𝑃𝑃𝑆𝑆𝑝𝑝�𝐸𝐸𝑑𝑑𝑐𝑐𝐶𝐶𝐴𝐴 +
𝑆𝑆𝑡𝑡𝑝𝑝𝑝𝑝𝐴𝐴�                                                                                           (6)  

 
The CO2 price is calculated as follows. 

𝐶𝐶𝐶𝐶2 𝑃𝑃𝑁𝑁𝑑𝑑𝑐𝑐𝑁𝑁 = 𝐶𝐶𝑁𝑁𝑁𝑁𝑜𝑜𝑑𝑑 𝑑𝑑𝑑𝑑𝑡𝑡𝑁𝑁𝑑𝑑𝑐𝑐𝑑𝑑𝑡𝑡𝑑𝑑.�𝐶𝐶𝐶𝐶2𝐸𝐸𝐿𝐿𝐸𝐸 𝑁𝑁𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡      (7) 

The solar system output is modeled using System 
Advisor Model (SAM) software [41]. 

The levelized cost of hydrogen is calculated as per 
equation 8-10. 

 
𝑑𝑑𝑁𝑁𝑙𝑙𝑁𝑁𝑑𝑑𝑑𝑑𝑀𝑀𝑁𝑁𝑑𝑑 𝐶𝐶𝑜𝑜𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜 𝐻𝐻𝑑𝑑𝑑𝑑𝑁𝑁𝑜𝑜𝑓𝑓𝑁𝑁𝑑𝑑

=
𝑁𝑁𝑁𝑁𝑡𝑡 𝑃𝑃𝑁𝑁𝑁𝑁𝑡𝑡𝑁𝑁𝑑𝑑𝑡𝑡 𝐿𝐿𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑁𝑁 𝑇𝑇𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑 𝐶𝐶𝑜𝑜𝑡𝑡𝑡𝑡

𝑁𝑁𝑃𝑃𝐿𝐿 𝑜𝑜𝑜𝑜 𝑇𝑇ℎ𝑁𝑁 𝑡𝑡𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑 𝐻𝐻𝑑𝑑𝑑𝑑𝑁𝑁𝑜𝑜𝑓𝑓𝑁𝑁𝑑𝑑 𝑃𝑃𝑁𝑁𝑜𝑜𝑑𝑑𝑁𝑁𝑐𝑐𝑡𝑡𝑑𝑑𝑜𝑜𝑑𝑑
          (8) 

Table 1 Inhouse hydrogen production scenarios. 
Scenario 
Number 

Power 
Source 

Electrolysis 
system 

Storage System 

1 Grid Alkaline Compressed 

2 Grid Alkaline Cryo-compressed 

3 Grid Alkaline Liquified. 

4 Grid PEM Compressed 

5 Grid PEM Cryo-compressed 

6 Grid PEM Liquified 

7 Grid SO Compressed 

8 Grid SO Cryo-compressed 

9 Grid SO Liquified 

10 Solar + Grid Alkaline Compressed 

11 Solar + Grid Alkaline Cryo-compressed 

12 Solar + Grid Alkaline Liquified 

13 Solar + Grid PEM Compressed 

14 Solar + Grid PEM Cryo-compressed 

15 Solar + Grid PEM Liquified 

16 Solar + Grid SO Compressed 

17 Solar + Grid SO Cryo-compressed 

18 Solar + Grid SO Liquified. 
 

Table 2 power consumption data. 
Input Value 

(kW.h/kg 
H2) 

Source Comments 

Alkaline 47.85 [6] 68 kg/h system 
manufactured by ELT 

DE and Industrie 
Hauti CH 

PEM 45 [7] Siemens 100-2000 Kg 
capacity systems 

SO 36.04 [18] Simulation study 

Compression 2.85 [19] Compression at room 
temperature to 700 

bar including fast 
charge. 

Liquification 6 [20] Industrial expected 
real power 

consumption 
Cry-

compression 
3.475 [21] Compression to 200 

bar and cooling to 80 
K adjusted for 80 % 

efficiency. 
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𝑁𝑁𝑁𝑁𝑡𝑡 𝑃𝑃𝑁𝑁𝑁𝑁𝑡𝑡𝑁𝑁𝑑𝑑𝑡𝑡 𝐿𝐿𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑁𝑁 𝑇𝑇𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑 𝐶𝐶𝑜𝑜𝑡𝑡𝑡𝑡

= �
𝑇𝑇𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑 𝐶𝐶𝐶𝐶𝑃𝑃𝐸𝐸𝐶𝐶 & 𝐶𝐶𝑃𝑃𝐸𝐸𝐶𝐶𝐴𝐴
(1 + 𝑑𝑑𝑑𝑑𝑡𝑡𝑐𝑐𝑜𝑜𝑁𝑁𝑑𝑑𝑡𝑡 𝑁𝑁𝑑𝑑𝑡𝑡𝑁𝑁)𝐴𝐴𝐴𝐴

                            (9) 

𝑁𝑁𝑁𝑁𝑡𝑡 𝑃𝑃𝑁𝑁𝑁𝑁𝑡𝑡𝑁𝑁𝑑𝑑𝑡𝑡 𝐿𝐿𝑑𝑑𝑑𝑑𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑁𝑁 𝑇𝑇𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑 𝐻𝐻𝑑𝑑𝑑𝑑𝑁𝑁𝑜𝑜𝑓𝑓𝑁𝑁𝑑𝑑 𝑃𝑃𝑁𝑁𝑜𝑜𝑑𝑑𝑁𝑁𝑐𝑐𝑡𝑡𝑑𝑑𝑜𝑜𝑑𝑑

= �
𝑇𝑇𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑 𝐻𝐻𝑑𝑑𝑑𝑑𝑁𝑁𝑜𝑜𝑓𝑓𝑁𝑁𝑑𝑑 𝑃𝑃𝑁𝑁𝑜𝑜𝑑𝑑𝑁𝑁𝑐𝑐𝑡𝑡𝑑𝑑𝑜𝑜𝑑𝑑𝐴𝐴

(1 + 𝑑𝑑𝑑𝑑𝑡𝑡𝑐𝑐𝑜𝑜𝑁𝑁𝑑𝑑𝑡𝑡 𝑁𝑁𝑑𝑑𝑡𝑡𝑁𝑁)𝐴𝐴
                     (10)

𝐴𝐴
 

 

 

 

The carbon emissions is calculated as follows 

𝑇𝑇𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑 𝑐𝑐𝑑𝑑𝑁𝑁𝑁𝑁𝑜𝑜𝑑𝑑 𝑁𝑁𝑁𝑁𝑑𝑑𝑡𝑡𝑡𝑡𝑑𝑑𝑜𝑜𝑑𝑑𝑡𝑡 =
∑𝐶𝐶𝑑𝑑𝑁𝑁𝑁𝑁𝑜𝑜𝑑𝑑 𝑑𝑑𝑑𝑑𝑡𝑡𝑁𝑁𝑑𝑑𝑐𝑐𝑑𝑑𝑡𝑡𝑑𝑑.𝐻𝐻𝑃𝑃𝐶𝐶𝑝𝑝�𝐸𝐸𝑑𝑑𝑐𝑐𝐶𝐶𝐴𝐴 +
𝑆𝑆𝑡𝑡𝑝𝑝𝑝𝑝𝐴𝐴�                                                                                         (11)  

𝐾𝐾𝑁𝑁𝑁𝑁𝑜𝑜𝑡𝑡𝑁𝑁𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑁𝑁𝑑𝑑𝑑𝑑 𝑁𝑁𝑁𝑁𝑑𝑑𝑡𝑡𝑡𝑡𝑑𝑑𝑜𝑜𝑑𝑑𝑡𝑡
= 𝐾𝐾𝑁𝑁𝑁𝑁𝑜𝑜𝑡𝑡𝑁𝑁𝑑𝑑𝑑𝑑 𝑁𝑁𝑁𝑁𝑑𝑑𝑡𝑡𝑡𝑡𝑑𝑑𝑜𝑜𝑑𝑑 .𝐹𝐹𝑁𝑁𝑁𝑁𝑑𝑑 𝑐𝑐𝑜𝑜𝑑𝑑𝑡𝑡𝑁𝑁𝑁𝑁𝑝𝑝𝑡𝑡𝑑𝑑𝑜𝑜𝑑𝑑
∗.𝐶𝐶𝑑𝑑𝑑𝑑𝑁𝑁𝑑𝑑𝑑𝑑 𝑜𝑜𝑑𝑑𝑑𝑑𝑓𝑓ℎ𝑡𝑡𝑡𝑡 𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡𝑑𝑑𝑑𝑑𝑐𝑐𝑁𝑁                                           (12) 

2.2 Offshore green hydrogen production and supply 

This scenario simulates an offshore wind park 
dedicated to hydrogen production outside of Norrtälje 
and transport it to the destined location of Arlanda 
airport. The study used Modelon Impact to simulate the 
wind turbine output, hydrogen production and hydrogen 
storage process, MATLAB is used to perform the 
economical calculations. The study covers ships and 
pipelines for offshore transportation and trucks and 
pipeline for onshore transportation which resulted in 
four scenarios as shown in Table 5. 

 
Fig. 1 Offshore hydrogen transpiration scenarios. 

The liquified hydrogen and cryo-compressed 
hydrogen transportation through pipelines pose a high 

Table 3 System components cost. 
Input Value Unit Source Comments 
Alkaline 
Electrolysis 
CAPEX 

32924 €/kg [22]  

PEM 
Electrolysis 
CAPEX 

33015 €/kg [22]  

Solid oxide 
Electrolysis 
CAPEX 

31298 €/kg [22]  

Hydrogen 
compression 
storage 
CAPEX 

633 €/kg [23] Type IV cylinder 
storage cost. 

Hydrogen 
liquification 
storage 
CAPEX 

167 €/kg [24] Storage Cost 

Hydrogen cry-
compression 
CAPEX 

390 €/kg [24]  

Hydrogen 
liquification 
process 
equip. CAPEX 

3800 €/kg [24]  

Hydrogen 
compression 
equipment 
CAPEX 

129,500 € [25] Large scale for 
hydrogen 
vehicle supply 
of 700 bar 
hydrogen. 

Hydrogen cry-
compression 
process 
equip. CAPEX 

2600 €/kg  Estimated as an 
average 
between 
compression 
and liquification 

Alkaline 
electrolysis 
stack lifetime 

80000 h [22]  

PEM 
electrolysis 
stack lifetime 

40000 h [22]  

Solid oxide 
electrolysis 
stack lifetime 

20000 h [22]  

Stack 
replacement 
cost 

50 % [42]. Percentage of 
the initial cost 
of the system  

 

Table 4 Energy and emissions data 
Input Value Unit Source Comments 
Electricity 
price  

- €/MW.h [43] The year 2021 
hourly day-
ahead price 

Solar power 
Levelized 
cost 

27.37 €/MW.h [26] Minimum LCOE 
found in the 
literature  

Wind power 
Levelized 
cost 

33.02 €/MW.h [44] Minimum LCOE 
found in the 
literature 

Carbon 
intensity in 
Sweden's 
grid 

- g/kW.h [45] Hourly 
readings for 
the year 2021 

Carbon cost  0.109134 ELU/kg [36] ELU≈1€ 
Kerosene 
CO2 
emissions 

3.053 Kg 
Co2/Kg 
fuel 

[27]  
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difficulty in maintaining the required temperature and 
no such application is currently available, the available 
pathways for our study are as shown in Table 5. 

Table 5 Available transportation scenarios 

 
2.2.1 Wind power calculations 

Modelon has a ready wind turbine sub model where only 
the wind speed, temperature and turbine parameters 
need to be added. Three years average wind speed and 
temperature data were taken from [47] database, at a 
station located outside of Norrtälje 20 km from the 
shore. The data were taken at 14m height then adjusted 
to 110m height using the equation (13). 

𝑙𝑙110 = 𝑙𝑙14(
𝐻𝐻110
𝐻𝐻14

)𝛼𝛼                                                       (13) 

Where 𝑙𝑙110 is the wind speed at 110 m, 𝑙𝑙14 is the 
wind speed at 14 m, 𝐻𝐻110 is the turbine height (110 m), 
𝐻𝐻14 is the height the data was taken from (14 m) and α 
is Hellman’s exponent, for this case 0.2 is chosen [28]. 

The wind turbines choice is based on the average 
wind speed. The models selected are Vestas V164-8.0 
MW and 8 MW LEANWIND reference turbine (Leanwind, 
2015), with a power coefficient assumed to be 35%. 

2.2.2 Electrolysis system Calculations 

A sub model for alkaline electrolyzer found in 
Modelon only the PEM electrolyzer model need to be 
added. Based on the existing alkaline electrolyzer model 
the specific PEM electrolyzer equations based on [29], 
[30], and [31] were adjusted as follow: 

𝐿𝐿𝐴𝐴𝑝𝑝𝐴𝐴𝐴𝐴 = 𝐿𝐿𝑅𝑅𝑝𝑝𝑅𝑅 + 𝐿𝐿𝑜𝑜ℎ𝑚𝑚 + 𝐿𝐿𝐴𝐴𝐴𝐴𝑑𝑑 + 𝐿𝐿𝐴𝐴𝑜𝑜𝐴𝐴                                 (14) 

Where 𝐿𝐿𝐶𝐶𝑁𝑁𝑑𝑑𝑑𝑑 is the single cell voltage, 𝐿𝐿𝑅𝑅𝑁𝑁𝑙𝑙 is the 
reversible voltage, 𝐿𝐿𝑜𝑜ℎ𝑁𝑁 is the ohmic losses from 
overvoltage, 𝐿𝐿𝑑𝑑𝑐𝑐𝑡𝑡 is the activation overvoltage from 
electrode kinetics, and 𝐿𝐿𝑐𝑐𝑜𝑜𝑑𝑑 is the concentration 
overvoltage from mass transport, assumed to be zero. 

𝐿𝐿𝑅𝑅𝑝𝑝𝑅𝑅 = 𝐿𝐿𝑅𝑅𝑝𝑝𝑅𝑅0 +
𝑅𝑅 ∗ 𝑇𝑇𝑝𝑝𝐴𝐴
2 ∗ 𝐹𝐹

∗ 𝑑𝑑𝑑𝑑 �
𝑝𝑝𝐻𝐻2 ∗ �𝑝𝑝𝑂𝑂2

𝑝𝑝𝐻𝐻2𝑂𝑂
�                       (15) 

Where 𝐿𝐿𝑅𝑅𝑁𝑁𝑙𝑙0 is the reversible voltage at atmospheric 
conditions (1.23 V), R is the molar gas constant and 𝑇𝑇𝑁𝑁𝑑𝑑 is 
the temperature of the electrolyzer in Kelvin. 𝑝𝑝𝐻𝐻2, 𝑝𝑝𝐶𝐶2, 

and 𝑝𝑝𝐻𝐻2𝐶𝐶 are the partial pressures exerted from the 
substances. 

𝐿𝐿𝐴𝐴𝐴𝐴𝑑𝑑 =
𝑅𝑅 ∗ 𝑇𝑇𝑝𝑝𝐴𝐴
𝛼𝛼𝐴𝐴𝐴𝐴

∗ 𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑ℎ �
𝑑𝑑𝐴𝐴𝑝𝑝𝐴𝐴𝐴𝐴

𝑀𝑀 ∗ 𝑑𝑑𝑜𝑜,𝐴𝐴𝐴𝐴
�+

𝑅𝑅 ∗ 𝑇𝑇𝑝𝑝𝐴𝐴
𝛼𝛼𝐴𝐴𝐴𝐴𝑑𝑑

∗ 𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑ℎ �
𝑑𝑑𝐴𝐴𝑝𝑝𝐴𝐴𝐴𝐴

𝑀𝑀 ∗ 𝑑𝑑𝑜𝑜,𝐴𝐴𝐴𝐴𝑑𝑑
�                            (16) 

The above equation is Butler-Volmer Equation where 
𝛼𝛼𝑑𝑑𝑑𝑑 is the anode charge transfer coefficient (0.433 p.u. at 
60 C), 𝛼𝛼𝑐𝑐𝑑𝑑𝑡𝑡 is the cathode charge transfer coefficient, 
assumed to be 0.5. 𝑑𝑑𝑜𝑜,𝑑𝑑𝑑𝑑 and 𝑑𝑑𝑜𝑜,𝑐𝑐𝑑𝑑𝑡𝑡 are the anode/cathode 
exchange current densities, assumed to be 1*10-9 and 
1*10-3 A/ cm2 respectively. 

𝐿𝐿𝑜𝑜ℎ𝑚𝑚 =
𝛿𝛿𝑚𝑚 ∗ 𝑑𝑑𝐴𝐴𝑝𝑝𝐴𝐴𝐴𝐴

𝜎𝜎𝑚𝑚
                                                                (17) 

Where 𝛿𝛿𝑁𝑁 is the membrane thickness in cm, (usually 
between 50-250 μm, assumed to be 125 μm) and 𝜎𝜎𝑁𝑁 is 
the membrane conductivity (S/cm). 

𝜎𝜎𝑚𝑚 = (0.005139 ∗ 𝜆𝜆 − 0.00326) ∗ 𝑁𝑁128∗�
1
303−

1
𝑇𝑇𝑒𝑒𝑒𝑒

�       (18) 

𝜆𝜆 is the membrane water content, with the equation 
for values around 20 being as follows: 

𝜆𝜆 =
(−2.89556 + 0.016 ∗ 𝑇𝑇𝑝𝑝𝐴𝐴) + 1.625

0.1875
                       (19) 

2.2.3 Storage system Calculations 

The storage tank capacity is assumed to handle a 
week production of hydrogen to match the ship 
transportation scenario and the capacity were calculated 
as:  

𝑁𝑁𝑝𝑝𝑑𝑑𝑜𝑜𝑝𝑝𝐴𝐴𝑝𝑝𝑝𝑝 = �̇�𝑁𝐻𝐻2_𝑚𝑚𝐴𝐴𝑚𝑚 ∗ 𝑡𝑡                                                    (20) 

Where �̇�𝑁𝐻𝐻2_𝑁𝑁𝑑𝑑𝑚𝑚 is the maximum hydrogen output of 
the electrolyzer per second and t is the number of 
seconds in a week. The density of the hydrogen differs 
according to which of the three compression methods 
are used, and the flow differs depending on electrolyzer 
type. Thus, there are six different tank size requirements, 
one for each combination. 

A gas compression model exists in Modelon Impact 
is used to simulate the compressed hydrogen, for 
liquefied and cryo-compressed hydrogen models are 
developed. 

The liquefication requires 35% of the energy 
contained in the produced hydrogen (𝐿𝐿𝑑𝑑𝐿𝐿.𝐹𝐹𝑑𝑑𝑐𝑐𝑡𝑡𝑜𝑜𝑁𝑁𝐻𝐻2) 
[32]. With this knowledge, and the knowledge of how 
much hydrogen is produced, the energy required to 
liquify the hydrogen is calculated thusly. 
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𝑃𝑃𝐿𝐿𝑑𝑑𝐿𝐿𝐴𝐴𝑑𝑑𝑜𝑜𝑑𝑑𝐴𝐴𝐴𝐴𝑑𝑑𝑑𝑑𝑜𝑜𝐴𝐴 = 𝐻𝐻𝐻𝐻𝐿𝐿𝐻𝐻2 ∗ �̇�𝑁𝐻𝐻2 ∗ 𝐿𝐿𝑑𝑑𝐿𝐿.𝐹𝐹𝑑𝑑𝑐𝑐𝑡𝑡𝑜𝑜𝑁𝑁𝐻𝐻2                    (21) 

 
Where 𝐻𝐻𝐻𝐻𝐿𝐿𝐻𝐻2 is the higher heating value of 

hydrogen, and �̇�𝑁𝐻𝐻2 is the mass flow of hydrogen. 
The cryo-compression model principally works in the 

same way as liquefication, the difference being that 
hydrogen is compressed to 350 bar and cooled to 70 
Kelvin. However, according to Yanxing et al. (2019) the 
energy requirement for both compression and cooling is 
equal to roughly 25% of the energy stored in the 
produced hydrogen. This is different from the 
liquification model, where no compression other than 
inside the electrolyzer occurred. 

Once the model had been fully developed, hydrogen 
production is simulated over one year, emptying the 
hydrogen storage tank once a week if transported by 
ship, or continuously if by pipeline. 

2.2.4 Economic Calculations  

The economic calculations are performed in 
MATLAB, extracting values obtained from Modelon 
Impact and using them for the financial model. To 
calculate the LCOH the following equation is used [33]: 

𝐿𝐿𝐶𝐶𝐶𝐶𝐻𝐻 =
𝐶𝐶𝐶𝐶𝑃𝑃𝐸𝐸𝐶𝐶𝐶𝐶𝑝𝑝𝑜𝑜𝑃𝑃𝑝𝑝𝐴𝐴𝑑𝑑 + ∑ 𝑇𝑇𝑜𝑜𝑡𝑡𝑑𝑑𝑑𝑑 𝑑𝑑𝑁𝑁𝑑𝑑𝑁𝑁𝑑𝑑𝑑𝑑 𝑐𝑐𝑜𝑜𝑡𝑡𝑡𝑡𝑑𝑑

(1 + 𝐷𝐷𝑅𝑅)𝑑𝑑
𝑑𝑑
𝑑𝑑=1

∑ 𝑌𝑌𝑁𝑁𝑑𝑑𝑁𝑁𝑑𝑑𝑑𝑑 𝐻𝐻𝑑𝑑𝑑𝑑𝑁𝑁𝑜𝑜𝑓𝑓𝑁𝑁𝑑𝑑 𝑃𝑃𝑁𝑁𝑜𝑜𝑑𝑑𝑁𝑁𝑐𝑐𝑡𝑡𝑑𝑑𝑜𝑜𝑑𝑑𝑑𝑑
(1 + 𝐷𝐷𝑅𝑅)𝑑𝑑

𝑑𝑑
𝑑𝑑=1

    (22) 

The total cost of the project is calculated by adding 
the investment costs for all system parts Table 6. 
However, there are several costs that have not been 
addressed, yet are still needed in the system, such as grid 
connection, platform costs, reverse osmosis unit, etc., 
which was accounted for with the BOP factor. This factor 
was 20% of the total CAPEX of the project.  

Table 6 System components cost for the offshore hydrogen 
production scenario. 

Parameter CAPEX OPEX 
Wind Turbine 15 MSEK/MW 3% 

PEM Electrolyzer 7 MSEK/MW 2% 
PEM Replacement 3.3 MSEK/MW  

Alkaline Electrolyzer 6.5 MSEK/MW 1.5% 
Alkaline Replacement 2.9 MSEK/MW  

CGH2 Storage 4 230 SEK/kg 2% 
LH2 Storage 1 450 SEK/kg 5% 

CcH2 Storage 3 900 SEK/kg 4% 
Onshore Pipeline 5 MSEK/km  
Offshore Pipeline 20 MSEK/km  

Ship 375 SEK/kgH2 4% 
Ship Transport 5.5 SEK/tH2, km  

Truck 1.85 MSEK 12% 
Truck CGH2 Transport 18 SEK/tH2, km  

Truck LH2 Transport 10 SEK/tH2, km  
Truck CcH2 Transport 12 SEK/tH2, km  

CGH2 Trailer 10 MSEK 2% 
LH2 Trailer 6.5 MSEK 2% 

CcH2 Trailer 12 MSEK 2% 

 
3.  RESULTS AND DISCUSSION 

The following sub sections describe and discuss the 
results obtained from the study, as described in the 
methodology the study is made as two separate parts so 
no analytical comparison were made between the 
inhouse hydrogen production and the offshore hydrogen 
supply. 

3.1 Airport inhouse hydrogen production results 

By running the optimization model, the obtained 
optimum sizes are shown in Fig 2. The optimum capacity 
of the electrolyzer is found to be (2076 kg/h) for all 
scenarios. For the storage size, the compressed and cryo-
compressed storage share the same optimum value of 
(12601 kg). In contrast, the liquified hydrogen optimum 
storage size varies due to the low cost of the storage 
cylinder and the high-power consumption required by 
the liquification process. Accordingly, the optimization 
tool assumed lower operation costs by increasing the 
hydrogen production and storage during the low-price 
period. 

Fig. 3,4 and 5 show the results of the in-house 
produced hydrogen levelized cost and its composition, 
relation to the electrolysis type, and relation to the 
storage type. 

 
Fig. 2 Optimum size results. 

 The levelized cost results show a narrow range of 
values for all scenarios falls in the range of 2.93 - 2.44 
Euro/kg H2, which proves a promising future for 
hydrogen usage as fuel on a large scale. These results can 
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be attributed to the low cost of electricity as the prices 
used in the study are the day ahead electricity prices. 

  

 
Fig. 3 levelized cost. 

The PEM electrolysis showed higher cost compared 
to the alkaline electrolysis Fig. 4, even though the power 
consumption (the major levelized cost component) of 
the PEM is lower than the Alkaline. However, PEM 
electrolysis system has higher capital cost due to the 
high-cost metals usage. In contrast, solid oxide 
electrolysis benefits from its low power consumption 
and capital cost. 

 
Fig. 4 levelized cost per electrolysis type. 

 
Fig. 5 levelized cost per storage type. 

Figures 6.7 and 8 show the calculated carbon 
emissions resulting from the in-house production and 
their relation to the electrolysis and storage types. The 
CO2 emissions followed the power consumption and 
varied between 34731 Ton/Year and 20861 Ton/Year, 
along 72% to 83% emissions reduction compared to the 
kerosene emissions for the same flights. 

 

 
Fig. 6 Co2 emissions. 

CO2 emissions follow the power consumption as it 
represents the sole emissions source considered in this 
study, accordingly the Solar + Grid scenarios show lower 
annual emissions. Similarly, the emissions followed the 
power consumption in relation to the electrolysis and 
storage types, the higher the consumption the higher the 
emissions. 

 
Fig. 7 Emissions per storage type. 

 
Fig. 8 Emissions per electrolysis type. 
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3.2 Offshore green hydrogen production and supply 
results. 

The total annual hydrogen production per each type 
of electrolysis and compression technologies can be seen 
in Table 7, using a PEM electrolyzer rather than an 
alkaline electrolyzer produces more hydrogen for all 
types of compression technologies. Out of these 
compression methods, gas compression to 700 bars 
produces the highest amount of hydrogen. The reason 
for this is the high energy intensity required when 
cooling hydrogen, something that is present in both 
liquifying and cryo-compression. Because liquefication 
cools the hydrogen to temperatures lower than those of 
cryo-compression, also the boil off rate of 1-2% per day, 
the annual H2 production of this method is the least of 
the three. 

Table 7 Offshore hydrogen annual production. 
 CG Liq. Cryo-Comp. 
PEM Electrolyzer [kt] 7.9 4.8 5.7 
Alkaline Electrolyzer [kt] 7.3 4.5 5.2 

The size of storage required to store the hydrogen 
production of one week is found to be as in Table 8. 

Table 8 Offshore hydrogen storage capacity. 
 CG Liq. Cryo-Comp. 

PEM Electrolyzer [kg] 212 800 139 300 161 000 

Alkaline Electrolyzer [kg] 196 700 131 600 151 200 

 
The levelized cost of hydrogen is quite similar for all 

types of hydrogen compression, with cryo-compression 
being a bit higher than the other two. Gas compression 
has an LCOH of ~56 SEK/kg H2, and liquification has 
roughly 61 SEK/kg H2, with alkaline electrolysis being 
slightly more expensive on average as can be seen in 
Table 9. 

Table 9 Offshore hydrogen levelized cost. 
 CG Liq. Cryo- Comp. 

PEM Electrolyzer [SEK/kgH2] 56 61 62 
Alkaline Electrolyzer [SEK/kgH2] 56 61 65 

As compressed hydrogen is the only type that can be 
transported by all the scenarios the LCOH come as shown 
in Table 10. 

Table 10 Offshore compressed hydrogen levelized cost per 
transportation scenario. 

 A B C D 

PEM Electrolyzer [SEK/kgH2] 34 56 42 56 
Alkaline Electrolyzer [SEK/kgH2] 35 59 43 56 

Even though there is a large difference in annual 
hydrogen production depending on the type of 
electrolyzer and compression method used, the LCOH 
does not differ very much. The smallest was 56 SEK/kg 

which came from the PEMEL CGH2 scenario, and the 
highest LCOH was 65 SEK/kg which is for the AEL cryo-
compressed hydrogen combination. All four other 
combinations give results within this interval. PEMEL 
CGH2 produced ~8 kt. of hydrogen annually, and the AEL 
LH2 produced around 4.5 kt. The difference in LCOH 
between these two was 5 SEK/kg H2. This means that 
even though the compressed gas scenario produced 
more hydrogen and thus generated more revenue, the 
components of the liquefication process must cost 
approximately proportionally less. In the various 
pathway options for the PEMEL, CGH2 combination, it can 
easily be seen that scenario A and C are the best options. 
The two scenarios are around 20 SEK/kg H2 cheaper than 
scenario B and D. This most likely stems from the annual 
cost of the trucks & trailers being a lot higher than the 
onshore pipeline which is used in scenario B and D. The 
trucks are costly for the compressed gas setup since a 
CGH2 trailer cannot contain a large amount of hydrogen, 
only about one seventh as much as a liquid hydrogen 
trailer. Combine this with the OPEX cost of 12% for trucks 
and 2% for the trailers, it is a lot costlier to operate than 
the pipelines, which have a pretty much non-existent 
operational and maintenance cost. 

4.  CONCLUSION 
Helping to achieve the aim of reducing or eliminating 

the CO2 emissions of the aviation sector, this paper 
showed pathways of hydrogen production to be utilized 
as aviation fuel. In the case of in-house hydrogen 
production, CO2 emissions can be reduced or eliminated 
by using electricity produced from renewable resources. 
The wind and solar energy resources in the study case 
location were not enough to provide an optimum 
solution utilizing only renewable energy. However, the 
evolving energy technologies can overcome these 
obstacles by delivering the renewable energy to the 
required site. This goal can be achieved by matching the 
renewable power profile with the hydrogen plant 
operation and directly linking the control of the plant to 
the renewable energy source, allowing the hydrogen 
plant to respond to any fluctuations or disturbance in the 
renewable output side. On the other hand, the offshore 
hydrogen production can be a solid solution if more 
efforts are made to develop and lower the cost of 
hydrogen transportation. 
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