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Foreword 

Hydrogen is expected to be an important piece of the energy transition 

puzzle. Storage of hydrogen is crucial for developing Swedish hydrogen 

infrastructure. The molecule in various forms can be used as a flexible 

energy storage for both long and short periods. But Swedish knowledge 

and competence need to be strengthened.   

This project aims to support meeting this need by providing a helpful overview of 

applicable storage techniques in the Swedish context, from established methods 

like pressure vessels to promising alternatives such as ammonia and lined rock 

caverns. The system efficiency, costs and benefits has been analyzed, as well as the 

related regulations, standards, permit processes and risks and mitigations 

measures, for various hydrogen storage techniques. The knowledge gaps in the 

hydrogen storage process have also been identified. 

The project has been carried out by a joint team from DNV, IVL, KTH and Rise 

with Sweco as project leader. Contributing authors are Linn Arvidsson, Alexander 

Lauge, Elin Lindblad, Pablo Parraga, Patrick Saade and Camila Varela from Sweco; 

Hedda Blomhoff and Maja Frost, DNV; Desirée Grahn and Benjamin Storm, IVL; 

Stefan Grönkvist and Kumail Marnate, KTH; and Gustav Green from Rise. The 

study has been conducted within the Energiforsk program The Role of Hydrogen 

in the Energy and Climate Transition and has been financed by the foundation 

SIVL and Energiforsk. The program is financed by nearly 40 companies and 

organizations. The program goal is to facilitate the integration of hydrogen and to 

increase knowledge of hydrogen technology, market conditions and the potential 

for various applications from a systems perspective. It also aims to support 

business development and growth in the hydrogen area as well as bring together 

the ongoing hydrogen research in different parts of the country under the same 

umbrella.  

Katja Åström and Bertil Wahlund, Energiforsk.  
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Summary 

This study presents an overview from a technical and economic 

standpoint of the possible hydrogen storage technologies that are 

applicable in Sweden.  

Hydrogen has the potential to play an intrinsic part in the journey towards a 

sustainable energy sector. There are several obstacles that are holding back the 

increased application of hydrogen in the energy sector. In this report the focus is 

directed towards the hydrogen storage aspect where the different technologies are 

presented and detailed.  

The first section of this report is dedicated to listing the storage alternatives and 

detailing the technical aspect of each alternative. In the second section, information 

relating to costs, CAPEX and OPEX, and system efficiencies are presented for each 

of the selected storage methods. The third section lists the current standards, 

regulations, and permit process as well as the different risks and mitigations 

measures. The fourth and last section is dedicated towards identifying knowledge 

gaps in the hydrogen storage process. This section is based on interviews 

conducted with companies that are active in this sector.  

In the report, one can see that there are two distinct groups when it comes to 

hydrogen storge: the established techniques and the new / promising techniques. 

Pressure vessels are a well-established alternative and is the most widespread 

technique but its limitation when it comes to how much hydrogen it can store 

hinders it from being further adopted. Hydrogen is set to play a major role in the 

energy sector in the coming years thus high volumes will be needed to transport. 

Another storage alternative, ammonia, has the potential to step in as it possesses 

the ability to transport large amount of hydrogen. One of its major upsides is the 

fact that the transportation network already exists thus less investments are 

needed in this part. The major issues with this alternative are the increased 

production cost as well as the high costs needed to extract the hydrogen from the 

ammonia.  

To conclude, hydrogen has a lot of potential to act as an alternative energy source. 

Storing hydrogen is a major component that needs to be solved before hydrogen 

can be more widely adopted. For most storage alternatives one can notice that 

costs, regulations, permits, and large-scale knowledge are recurring issues. 

 

Keywords 
Hydrogen storage, Hydrogen, Hydrogen Regulation, Hydrogen safety, Green 

Hydrogen
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Sammanfattning 

Denna studie ger en översikt ur ett tekniskt och ekonomiskt perspektiv 

av de möjliga vätgaslagringsteknologier som är tillämpbara i Sverige. 

Vätgas har potentialen att spela en central roll i övergången till en hållbar 

energisektor. Det finns dock flera hinder som bromsar den ökade användningen av 

vätgas inom energisektorn. I denna rapport ligger fokus på aspekten av 

vätgaslagring, där olika teknologier presenteras och beskrivs i detalj. 

Den första delen av denna rapport ägnas åt att lista lagringsalternativ och beskriva 

de tekniska aspekterna för varje alternativ. I den andra delen presenteras 

information om kostnader, CAPEX och OPEX samt systemeffektivitet för de 

utvalda lagringsmetoderna. Den tredje delen listar aktuella standarder, regelverk 

och tillståndsprocesser, samt olika risker och åtgärder för riskminimering. Den 

fjärde och sista delen är inriktad på att identifiera kunskapsluckor inom processen 

för vätgaslagring. Denna del baseras på intervjuer med företag som är aktiva inom 

sektorn. 

I rapporten kan man urskilja två tydliga grupper när det gäller vätgaslagring: 

etablerade tekniker och nya/lovande tekniker. Tryckkärl är ett väl etablerat 

alternativ och är den mest utbredda tekniken, men dess begränsning när det gäller 

mängden vätgas som kan lagras hindrar dess vidare användning. Eftersom vätgas 

förväntas spela en stor roll inom energisektorn de kommande åren kommer det att 

krävas stora volymer för transport. Ett annat lagringsalternativ, ammoniak, har 

potential att ta över eftersom det har förmågan att transportera stora mängder 

vätgas. En av dess stora fördelar är att transportnätverket redan existerar, vilket 

innebär att mindre investeringar behövs på denna del. De största problemen med 

detta alternativ är dock de ökade produktionskostnaderna samt de höga kostnader 

som krävs för att extrahera vätgasen från ammoniaken. 

Sammanfattningsvis har vätgas stor potential att fungera som en alternativ 

energikälla. Lagring av vätgas är en avgörande komponent som behöver lösas 

innan vätgas kan bli mer allmänt accepterad. För de flesta lagringsalternativ kan 

man notera att kostnader, regelverk, tillstånd och storskalig kunskap är 

återkommande problem. 
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1 Work Package 1: Summary and Review of 
hydrogen storage technologies 

1.1 INTRODUCTION 

In order to drive away from today's fossil fuel-dominated hydrogen production1, 

electrolytic hydrogen from fossil-free electricity or bio-hydrogen (from either 

gasification or pyrolysis) are usually recommended as promising alternatives2 

amongst the various hydrogen production processes available today3 4. 

Incorporating carbon capture facility into conventional fossil-based natural gas 

reforming or a coal gasification plant is another way to produce low-carbon1 2, if 

not carbon-neutral, hydrogen. 

These low-carbon methods for producing hydrogen may provide a transitional 

solution to stimulate large-scale demand, develop infrastructure, and create a 

global market for hydrogen until renewable hydrogen from sources such as 

electrolysis or biomass becomes cost-competitive. The United Kingdom is one of 

the countries adopting this strategy5. Apart from electrolytic hydrogen 

productiona, which may allow dynamic ramping without significantly 

compromising efficiencies6, all other processes are best suited to deliver hydrogen 

rather steadily due to the high process temperature requirements or the 

complexities of the various processes7. The production costs of electrolytic 

hydrogen are highly dependent upon the cost of electricity consumed by 

electrolysis6. 

As a result, the operation dynamics may be driven by the varying electricity prices 

to improve the cost competitiveness, i.e. maximizing production when prices are 

low, and no/low production during high-price events8. Stand-alone and dedicated 

electrolytic hydrogen production from renewable electricity generation 

technologies (wind and solar power), disconnected from both the grid and the 

impact of electricity prices, may also be one way to ensure that the sourced 

hydrogen is both cheaper and emission-free1. In such case, the dynamics of 

operation may be coupled, not to the electricity prices, but to the temporal 

generation of electricity. Regardless, the dynamic operation may necessitate 

 
1 IEA, Global Hydrogen Review 2022, 2022. 
2 Edvall, M. et al., Vätgas på Västkusten, 2022. 
3 Rasul, M. G. et al., The future of hydrogen: Challenges on production, storage and applications, 2022. 
4 Liu, W. et al., Overview of Biomass Conversion to Electricity and Hydrogen and Recent Developments in Low-

Temperature Electrochemical Approaches, 2020. 
5 Committee on Climate Change, The sixth carbon budget: The UK’s path to net zero, 2020. 
a The dynamic operation of Solid Oxide Electrolysis Cell (SOEC) is limited due to high operation 

temperatures.  
6 Tenhumberg, N. & Büker, K., Ecological and Economic Evaluation of Hydrogen Production by Different 

Water Electrolysis Technologies, 2020. 
7 Andersson, J., Non-geological hydrogen storage for fossil-free steelmaking, 2022. 
8 Toktarova, A., Göransson, L. & Johnsson, F., Design of Clean Steel Production with Hydrogen: Impact of 

Electricity System Composition, 2021. 
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storage of this intermittently produced hydrogen to ensure a steady supply to 

consumers downstream8 9. 

Reliable and efficient storage of hydrogen is also one of the key factors to accelerate 

the wider deployment of hydrogen within our societies. The lack of hydrogen 

infrastructure, not only for storage but also for transportation and distribution, 

may concentrate hydrogen applications to the point of production, which is also 

the predominant method of hydrogen delivery today1 10. Consequently, this may 

limit the role hydrogen can play in our energy systems. The distribution of 

hydrogen is relevant for all hydrogen production methods, whether steady or 

dynamic. However, challenges with both storage and distribution arise due to the 

extremely low density of hydrogen11. At ambient conditions, a kilogram of 

hydrogen occupies a volume of 11 m3, rendering its volumetric energy density 

significantly lower than other common fuels10, e.g. natural gas, methanol, diesel, 

gasoline, etc. In order to store and distribute hydrogen in a cost-effective manner, it 

is necessary to develop techniques and technologies that increase its storage 

density. Hydrogen is a colorless and odorless gas that is difficult to detect in the 

event of a leak, and its tendency to easily ignite when mixed with air at 

concentrations as low as 4 vol-% makes storage and transportation even more 

challenging12 13.  

The objective of this section of the report is to evaluate and highlight the 

technologies that offer safe, reliable, and cost-effective solutions for storing and 

transporting hydrogen, with the timeframe 2030. The system boundaries of this 

report are focused on Sweden, providing a forward-looking assessment of 

potential hydrogen storage and distribution solutions. 

1.2 BACKGROUND 

There are numerous storage media for hydrogen discussed in the literature, 

typically classified into either physical, adsorption-based or chemical methods10 11 14 
15 16. Andersson & Grönkvist (2019), for instance, have classified hydrogen storage 

technologies11 as shown in Figure 1 below. 

 

 
9 Le Duigou, A. et al., Relevance and costs of large scale underground hydrogen storage in France, 2017 
10 Langmi, H. W. et al., Hydrogen Production by Water Electrolysis, Chapter 13: Hydrogen Storage, 2022. 
11 Andersson, J. & Grönkvist, S., Large-scale storage of hydrogen, 2019. 
12 Hoagland, W., Safe handling of hydrogen, 2016 
13 Idriss, V., Scott, M. & Subramani, V., Introduction to hydrogen and its properties (Compendium of Hydrogen 

Energy: Hydrogen production and purification), 2015. 
14 Barthelemy, H., Weber, M. & Barbier, F., Hydrogen storage: Recent improvements and industrial 

perspectives, 2017. 
15 Moradi, R. & Groth, K. M., Hydrogen storage and deliver: Review of the state of the art technologies and risk 

and reliability analysis, 2019. 
16 US D.O.E, Hydrogen Storage, Accessed 2022-11-16 
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Figure 1: The categorization of hydrogen storage technologies, according to Andersson & Grönkvist (2019)11.  

Physical storage refers to the storage of hydrogen in pure form; however, its 

density has to be increased somehow to allow for a more compact storage. This is 

done by either compressing hydrogen to higher pressures or cooling it down to 

temperatures below its boiling point (-253°C at 1 bar) 10 11 14 15 16. Adsorption-based 

storage features porous materials, such as activated carbon and metal organic 

frameworks, to physically bind hydrogen to their surfaces via weak van der Waal's 

forces. This results in significantly higher volumetric hydrogen densities than 

compressed hydrogen at typical storage pressures17. On the other hand, materials 

or carriers that can chemically bond hydrogen fall under the category of chemical 

hydrides. The carriers can either be metals or alloys, which are known as metal 

hydrides, or non-metallic organic or inorganic compounds, which are here referred 

to as chemical hydrides18. 

This report, which has a timeframe until 2030 and spatial boundaries around 

Sweden, focuses on only two types of hydrogen storage: compressed storage and 

chemical storage in the form of chemical hydrides. These are regarded as the most 

promising options for hydrogen storage and distribution19. Liquid hydrogen may 

also be considered for long-distance delivery of hydrogen, but this is only realistic 

if the specific electricity consumption for liquefaction is brought down in the future 

to a level closer or lower than the target of 6 kWh/kgH2 as proposed in the 

conceptual studies, from the current range of 11-15 kWh/kgH2 20 21. Adsorption-

based storage has been disregarded since it is still in the lab-scale phase22, while 

metal hydride storage has been deemed unfeasible for large-scale implementation 

due to high costs and the significant amount of raw materials required7. The latter 

may, however, still be applicable for niche applications where extremely compact 

storage systems are required19. 

When choosing an appropriate storage or distribution medium for hydrogen, one 

of the most important factors is to consider which down-stream application it is 

intended to serve. For instance, an application that consumes hydrogen in a fuel 

cell (e.g. fuel cell electric vehicle or a back-up power unit) has a technical 

requirement of hydrogen purity >99.97% to avoid deterioration of, among other 

 
17 Chen, Z. et al., Porous materials for hydrogen storage, 2022. 
18 Usman, M. R., Hydrogen storage methods: Review and current status, 2022. 
19 Marnate, K. & Grönkvist, S., Looking beyond compressed hydrogen compressed hydrogen storage for Sweden: 

Opportunities and barriers for chemical hydrides, 2024. 
20 Al Ghafri, S. Z., et al., Hydrogen liquefaction: a review of the fundamental physics, engineering practice and 

future opportunities, 2022. 
21 Hank, C. et al., Energy efficiency and economic assessment of imported energy carriers based on renewable 

electricity, 2020 
22 Lee, S.Y. et al., Recent Progress Using Solid-State Materials for Hydrogen Storage: A Short Review, 2022. 
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things, catalysts and membranes23 24. Dehydrogenation of the different chemical 

hydrides may lead to traces of impurities23 25 26, which would make it necessary to 

have additional steps for the purification of the delivered hydrogen stream, e.g. 

through pressure swing adsorption or membrane separation27. Other factors 

include availability of necessary feedstock for the production of chemical hydrides, 

composition of the energy system at the points of both hydrogenation and 

dehydrogenation, dynamics of hydrogen consumption etc. Some of these may 

favor the storage of hydrogen in the pure form or vice-versa7 11. Marnate & 

Grönkvist19 and Fossilfritt Sverige28 have identified anticipated hydrogen 

applications and future use in Sweden, suggesting that hydrogen demand may not 

only increase significantly but also become geographically distributed. 

An updated mapping of projected hydrogen applications by 2030, shown in Figure 

2, is based on Marnate & Grönkvist19 and includes updates from recent projects 

planned for implementation by 2030. Detailed information on project size, 

applications, companies involved, and timeline is available in Appendix A. 

Although hydrogen use is expected to be widespread across Sweden, industrial 

hydrogen clusters are likely to emerge, particularly along the west coast and in 

northern Sweden. 

Developing storage and distribution infrastructure and the choice of technology 

adopted must be informed by the specific needs and locations of hydrogen 

applications, which may be different within the potential clusters and outside of 

them. Some companies have also announced large-scale hydrogen production 

without defined downstream applications. If local demand is insufficient, this 

hydrogen could potentially supply other regions, contingent on the development 

of a cost-effective distribution infrastructure. Overall, Sweden plans for rapid 

expansion in hydrogen use as both a fuel and feedstock by 2030, with over one 

million tons projected in annual demand. 

 

 

 
23 US D.O.E, Hydrogen fuel quality specifications for polymer electrolyte fuel cells in road vehicles, 2016. 
24 Beurey, C. et al., Review and Survey of Methods for Analysis of Impurities in Hydrogen for Fuel Cell Vehicles 

According to ISO 14687:2019, 2021 
25 Papadias, D. D., Peng J-K., Ahluwalia, R. K., Hydrogen carriers: Production, transmission, decomposition, 

and storage, 2021. 
26 Ehteshami, S. M. M. & Chan, S. H., Techno-economic study of hydrogen production via steam reforming of 

methanol, ethanol and diesel, 2014 
27 Li, B. et al., Pressure swing adsorption/membrane hybrid processes for hydrogen purification with a high 

recovery, 2016. 
28 Fossilfritt Sverige, Strategi för fossilfri konkurrenskraft: Vätgas, 2021. 
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Figure 2: Mapping of renewable hydrogen applications in Sweden for the year 2030. Detailed data used for the 
mapping can be found in Appendix A   
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1.3 HYDROGEN STORAGE IN PURE FORM 

Hydrogen storage in compressed form has been in practice since the 19th century 

when it was used for military purposes in observation balloons. Today, it remains 

the most well-established method of hydrogen storage. Although other 

technologies have gained attention in recent years, compressed hydrogen storage 

is still considered the state-of-the-art method, albeit primarily at smaller scales 

where the focus has been on storage in pressure vessels. As we move up in scale, 

compressed hydrogen can also be stored and delivered through sub-surface pipes 

on a medium-scale or stored in underground geological formations on a large-

scale. In Sweden, the potential for geological storage of hydrogen is limited only to 

lined rock caverns, and these technologies are discussed in detail in this section. 

1.3.1 Cylindrical pressure vessels 

Pressure vessels have been used for hydrogen storage since the 19th century. The 

development in material sciences and increased understanding of the phenomenon 

of hydrogen embrittlement in certain metals have allowed for significantly higher 

pressures, and consequently more compact storage of hydrogen, compared to the 

120 bar wrought iron vessels used in the 1880s14. Depending upon the type of 

material utilized, these pressure vessels are divided into 4 different types (I, II, III 

& IV)29 30. Type I and II tanks are preferably used for stationary applications, due to 

their heavy weights. Both are constructed with thick and seamless walls of steel or 

aluminum, with the latter also being partially wrapped with composite material 

(glass or carbon fiber) allowing for higher pressures of 450–800 bar compared to 

250 bar for Type I29. The composite wrapping makes the Type II tanks more 

expensive29. The metallic containers make the loss of hydrogen through 

permeation negligible31, and the electrical energy required to compress the 

hydrogen can be considered as the only energy “loss” in such a storage system29. 

The standard vessels offered today by manufacturers can store anywhere between 

7-75 kgH2 per vessel and up to 500 kgH2 in a modular configuration32 33. Larger 

vessels with higher storage capacities are also technically possible; however, the 

limitations mainly arise from the availability of cheaper alternatives34 35 or the 

space restrictions for having such a large above-ground storage infrastructure. 

Iberdrola, a Spanish energy company, has recently installed vertical Type I vessels 

(23.5 m in height) for their 6 tonnesH2 buffer storage for an ammonia production 

plant, allowing for a reduced specific footprint36. Therefore, these types of vessels 

are most appropriate for storing hydrogen in a stationary and short-term capacity, 

particularly when subsurface or underground hydrogen storage options (which 

 
29 Danish Energy Agency, Technology Data – Energy Storage, 2020. 
30 Stetson, N. T., McWhorter, S. & Ahn, C. C., Compendium of Hydrogen Energy – Chapter 1: Introduction to 

hydrogen storage, 2016. 
31 Adams, P. et al., Allowable hydrogen permeation rate from road vehicles, 2011. 
32 NEL, Hydrogen Fueling Storage, Accessed: 2022-12-02 
33 FIBA, Hydrogen Distribution & Storage, Accessed: 2022-12-02 
34 Lord, A. S., Kobos, P. H. & Borns, D. J., Geologic storage of hydrogen: Scaling up to meet city transportation 

demands, 2014 
35 Papadias, D. D. & Ahluwalia, R. K., Bulk storage of hydrogen, 2021. 
36 Iberdrola, Iberdrola commissions the largest green hydrogen plant for industrial use in Europe, Accessed: 

2022-12-02 
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will be addressed in later sections) are impractical or prohibitively costly for 

smaller-scale operations. These applications include hydrogen refueling stations 

(HRS)37, back-up power38 and small industrial applications (such as Iberdrola 

mentioned above), etc. The characteristics of these vessels are summarized in Table 

1, while a simplified representation of their construction is shown in Figure 3 

below. 

 

Figure 3: The different types of pressure vessels for hydrogen storage. 

 

The Type III and IV vessels can be considered state-of-the-art for mobile 

applications, where both space and weight are limitations for an on-board fuel 

storage system39. These are fully wrapped with a fiber resin composite, allowing 

for a thin liner instead of thick metallic walls and are, therefore, significantly 

lighter. The liner (metallic in Type III and polymeric in Type IV) acts as a hydrogen 

permeation barrier, while the composite wrapping bears almost all of the pressure 

load40. Higher pressures of up to 1 000 bar are possible with Type IV vessels; 

however, Type III are usually limited to a maximum operating pressure of 350-450 

bar due to fatigue failure of the metallic liner under cyclic operation at higher 

pressures29 30. This makes the former more favorable for light-duty passenger 

vehicles or other mobile applications, where lighter and more compact storages are 

necessary without compromising on the driving range41.  The space availability is 

less limiting for heavy-duty vehicles, e.g. buses, trucks or even trains, where 

vessels can also be mounted on the roof and, therefore, the 350-bar-Type III tanks 

can provide a cheaper alternative to Type IV42. An example of this application is 

 
37 Zheng, J. et al., High Pressure Steel Storage Vessels Used in Hydrogen Refueling Station, 2008. 
38 Marocco, P. et al., The role of hydrogen in the optimal design of off-grid hybrid renewable energy systems, 

2022. 
39 Li, M. et al., Review on the research of hydrogen storage system fast refueling in the fuel cell vehicle, 2019. 
40 Elberry, A. M. et al., Large-scale compressed hydrogen storage as a part of renewable electricity storage 

systems, 2021. 
41 Zhang, Q. et al., Design of a 70 MPa type IV hydrogen storage vessel using accurate modeling techniques for 

dome thickness prediction, 2020. 
42 European Union, Compressed gaseous hydrogen on 350 bar, Accessed: 2022-12-05. 
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Swedish company VÄTE Rail’s recent purchase of 20 locomotives from the Polish 

company PESA, each equipped with 175-kg Type III tanks43. 

For large-scale applications, such as hydrogen-powered ships, space is also less of 

a concern. Gotlandsbolaget AB, for instance, has announced a hydrogen concept 

ship that will potentially store 18 tons of hydrogen using 120 large Type III tanks 

(150 kg H₂ each)44. Nevertheless, the full composite wrapping makes them 

significantly more expensive than Type I and II (see Table 1). In cases where 

hydrogen is not produced on-site of an HRS or any other point of consumption, 

tube trailers based on these vessel types may also be used for hydrogen deliveries 

up to 1 000 kgH2 per trip45 46. The delivery capacity is limited due to no significant 

impact of economies of scale on these storages and the cost of delivery mainly 

depend upon the distance between the points of delivery47. It was estimated that 

approximately 1.5 %-LHVH2 or 0.5 kWh/kgH2 is consumed only as fuel for every 100 

kilometersb, not including the electricity consumed for compression. Therefore, 

these trailers are only preferred for short distance deliveries, albeit with flexibility. 

Another important characteristic to consider for these vessels for hydrogen storage 

and delivery is the dynamics of their loading and unloading. Since hydrogen has a 

negative Joule-Thompson coefficient at typical storage conditions, it heats up when 

expanded into a tank during fillingc. This, along with heat of compression, 

contributes to heating of hydrogen beyond allowable temperatures during the 

filling process48 49, limiting how fast they can be cycled. While the small vehicular 

tanks can be filled with 5–7 kgH2 in 3–5 minutes50, the large tube trailers may 

require around 1.5 – 4 hours depending upon the storage pressure and capacity 48 

51. The Type I and II metallic vessels may allow for slightly faster refueling times 

due to better heat transfer properties; however, the impact is not significant as 

shown by Heere (2019)52. In certain situations, cooling the gas can expedite the 

filling process, but this requires additional energy for the storage process. For 

instance, gas pre-cooling down to 233 K via refrigeration is commonly performed 

at HRSs to bring the loading times for fuel cell electric vehicles (FCEV) tanks down 

 
43 PESA, SM42-6Dn Hydrogen: The shunting locomotive with a hydrogen drive, 2024. 
44 Samuelsson, B. et al., Large scale hydrogen filling Challenges when filling large volumes of hydrogen in short 

time, 2024. 
45 Reddi, K. et al., Techno-economic analysis of conventional and advanced high-pressure tube trailer 

configurations for compressed hydrogen gas tran§sportation and refueling, 2018. 
46 Kim, C. et al., Review of hydrogen infrastructure: The current status and roll-out strategy, 2022. 
47 Reuß M. et al, Seasonal storage and alternative carriers: A flexible hydrogen supply chain model, 2017. 
b This value has been estimated based on the trailer design and fuel consumption provided by Reuß M. 

et al (2017). 
c Hydrogen’s Joule-Thompson inversion temperature is 200 K. Upon expansion at all temperatures 

above the inversion temperature, the gas heats up instead of cooling down. 
48 Caponi, R. et al., Thermodynamic modeling of hydrogen refueling for heavy-duty fuel cell buses and 

comparison with aggregated real data, 2021. 
49 Tietze, V. & Stolten, D., Thermodynamics of pressurized gas storage, 2016. 
50 Reddi, K. et al., Impact of hydrogen SAE J2601 fueling methods on fueling time of light-duty fuel cell electric 

vehicles, 2017. 
51 Decker, L., Liquid Hydrogen Distribution Technology (HYPER), Accessed: 2022-12-08 
52 Heere, D., Modelling and Optimization of a Hydrogen Refuelling Station based on CH2P Technology 

Delivering decentralized hydrogen and electricity for mobility, 2019. 
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to around 3 minutes53.  However, for shipping applications, where larger quantities 

of hydrogen are involved, cooling several tons of hydrogen during each fill 

becomes energy intensive. To address this, Samuelsson et al. proposed a modified 

Type III cylinder design with integrated active cooling using seawater44.  The 

unloading process, on the other hand, is less limiting and can be done in around 

one-fifth of the time required for loading. Linde’s 900 kg trailer, which takes 4 

hours to fill, can be emptied within 45 minutes51.  

Table 1: Characteristics of different hydrogen pressure vessels. 

Pressure 
Vessel 

Material Storage 
pressures 
(bar) 

Cost29 
(€/kg) 

Gravimetric 
storage 
capacity 
(wt-%)39 54 

Type I Seamless steel or aluminum < 250 500 <1.00 

Type II Seamless steel or aluminum with partial 
composite wrapping 

450–930 900 0.95 – 1.05 

Type III Fully wrapped composite pressure vessel 
with metallic liner 

300–700 1 100 3.9 

Type IV Fully wrapped composite pressure vessel 
with polymer liner 

350–1 000 1 200 ∼5 

 

More recently, linerless vessels, known as Type V tanks, are also being explored. In 

these tanks, the composite material serves both as the hydrogen permeation barrier 

and the load-bearing structure. This design allows for an additional 10–20% weight 

reduction compared to Type III and IV tanks. However, the safe pressure range for 

these tanks is still under investigation55. 

1.3.2 Hydrogen pipelines 

Delivery of compressed hydrogen through pipelines is much more cost-efficient 

than tube trailers, especially when larger volumes have to be transported 56 57. 

Hydrogen pipelines (mainly made up of steels with low carbon content) have been 

in commercial operation since 1966, but limited to delivery within industrial 

clusters, where centrally produced hydrogen has to be distributed to consumers. 

Approximately 16 000 km of hydrogen pipelines is in operation today around the 

world, with the majority of them being situated in the USA, Canada, and 

continental Europe57 58. The global natural gas infrastructure, on the other hand, 

 
53 Melideo, D. et al., CFD model performance benchmark of fast filling simulations of hydrogen tanks with pre-

cooling, 2014. 
54 Houchins, C. & James, B. D., 2020 DOE Hydrogen and Fuel Cells Program Review - Hydrogen Storage Cost 

Analysis, Accessed: 2022-12-09 
55 Air, A. et al., A review of Type V composite pressure vessels and automated fibre placement based 

manufacturing, 2023. 
56 Wang, H. et al, Research and demonstration on hydrogen compatibility of pipelines: a review of current status 

and challenges, 2022. 
57 IEA, The future of hydrogen, 2019. 
58 Nazir, H. et al., Is the H2 economy realizable in the foreseeable future? Part II: H2 storage, transportation, and 

distribution, 2020. 
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constitutes of a tremendously larger pipeline network exceeding 2 000 000 km59. 

Blending up to 20 vol-% of hydrogen into them with minor modifications or 

repurposing them entirely for pure hydrogen delivery at a 65–90 % lower cost has 

been demonstrated as an alternative solution to constructing new pipelines, in 

order to accelerate the transition towards hydrogen59 60 61 62 63. In Sweden, a limited 

natural gas grid extends from Denmark to Stenungsund along the west coast. The 

owner of the gas grid, Nordion Energi, has recommended against both blending 

and repurposing of the network as their industrial customers along the route will 

continue to require natural gas (or biogas) for their operations in the future2. 

Therefore, only construction of new pipelines for the storage and delivery of 

compressed hydrogen is discussed further in the report. 

According to American Society of Mechanical Engineers’ standards for hydrogen 

piping and pipelines (ASME B31.12), hydrogen can safely be stored or delivered in 

API 5L Grade X52 or similar steel pipes at pressures up to 100 bar35.  The required 

sizing (outer diameter, thickness etc.) of the pipeline, and consequently its cost, 

depends upon the volume and the pressure of hydrogen that has to be delivered35 

64. The pipeline costs according to different sizes, as estimated by Energiforsk 

(2021), have been listed in Table 2 below. The specific costs incurred for hydrogen 

delivery will be significantly lower when larger volumes have to be delivered. 

Papadias & Ahluwalia (2021) 35 attribute the main share of this lowered cost to the 

decreasing site preparation costs (smaller excavation and cheaper 

inspection/testing) with increasing diameter.  

Table 2: Hydrogen infrastructure investment cost inputs by pipeline size. 

  48-inch 36-inch 20-inch 

Maximum 
capacity  

(GW) 13 4.7 1.2 

Pipeline costs (million €2021/km) 2.8 2.2 1.5 

Compressor 
station costs 

(million €2021/km) 0.62 0.32 0.09 

Normalized 
Costs 

(€2021 / MW-km) 263 536 1 325 

 

For natural gas delivery, polyethylene pipelines are also used, as a cheaper 

alternative to steel, in low-pressure distribution networks63 65. These may also be 

used for hydrogen distribution; however, polymer materials have higher porosity 

to hydrogen than to natural gas. This implies that the quantity of gas escaping the 

 
59 Pedersen, J. et al., Blending hydrogen into natural gas: an assessment of the capacity of the German gas grid, 

2021 
60 GRTgaz et al., Technical and economic conditions for injecting hydrogen into natural gas networks, Accessed: 

2022-12-12 
61 ENTSOG, GIE & Hydrogen Europe, How to transport and store hydrogen – facts and figures, Accessed: 

2022-12-12 
62 Melania, M. W., Antonia, O. & Penev, M., Blending hydrogen into natural gas pipelines networks: A Review 

of key issues, 2013. 
63 Dodds, P. E. & Demoulin, S., Conversion of the UK gas system to transport hydrogen, 2013. 
64 Energiforsk, The role of gas and gas infrastructure in Swedish decarbonisation pathways 2020 – 2045, 2021. 
65 Folga, S. M., Natural Gas Pipeline Technology Overview, 2007. 
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pipeline would be higher. Almost double the volume of hydrogen would escape 

through pipeline walls compared to natural gas66. However, the total volume lost 

to leakage will be negligible regardless of if steel or plastic pipes are considered63. 

Moreover, since hydrogen has a lower density, the energy loss through gas leakage 

is actually lower for hydrogen than that for methane67 56 63. The only energy loss in 

hydrogen delivery through pipelines will, therefore, be the energy required to 

compress the gas. The hydrogen compressors offered by Neuman & Esser, for 

instance, can compress hydrogen obtained at 25 bar (pressure of hydrogen 

obtained from PEM electrolysers) to a delivery pressure of 85 bar for a mere 0.566 

kWhel/kgH2, or 1.7%-LHVH268.  

Other than delivery, these subsurface pipelines can also serve as a short-term 

temporary gas storage medium through line packing (a phenomenon used in 

natural gas pipelines). Line packing refers to packing more gas within the same 

pipeline than withdrawn at a certain time and consequently increasing the gas 

pressure in it. In natural gas networks, line packing helps in catering to the daily 

demand variations especially during winter seasond 69. For instance, the natural gas 

grid operator in the UK allows for a 45-bar difference between maximum and 

minimum pressures during winters, compared to only 20 bar during summers70. 

This strategy can also be used for hydrogen pipelines, especially in cases where 

hydrogen has to be produced dynamically from electrolysis. DNV is testing line 

packing on a section of a local hydrogen transmission network in the UK to 

determine the amount of hydrogen than can be safely “stored” in the delivery 

network70. 

Papadias & Ahluwalia (2021)35 have even suggested isolated subsurface hydrogen 

pipelines as a stationary storage medium for hydrogen, where dynamically 

produced hydrogen has to be consumed on-site. These are geographically 

independent as they may be constructed almost anywhere. The small effect of 

economy of scale on the length of pipelines makes this option economically 

feasible for relatively smaller hydrogen storage facilities (< 20 tons). Other 

underground storage alternatives should be considered for larger storages. The 

capital costs for such a facility have been estimated to be around 527 €2021/kgH2, 

which is in a similar range to above-ground high pressure vessels. The advantage, 

however, is the minimized above-ground footprint compared to pressure vessels 

as the pipes must be buried at a depth of a few meters below the ground, with only 

the compressor station above the ground. A minimum pressure (4-8 bar) has to be 

maintained to ensure a reasonable compressor work. As a consequence, some 

working gas (∼10%) is lost as “cushion” gas during the initial filling of the storage 

and contributes to the capital cost of the storage, however negligible when lifecycle 

storage costs are considered. The ramping rates of injection and withdrawal of 

such a storage will impact the temperature of the gas within, which may affect the 

 
66 Hermkens, R.J.M., Colmer, H. & Ophoff, H.A., Modern PE pipe enables the transport of hydrogen, 2018 

67 Wassenaar, J. & Micic, P., HDPE pipe is hydrogen ready -  White paper, 2020. 
68 Neuman & Esser in Aachen (NEA), Hydrogen Transport with Pipelines, Accessed: 2023-01-03. 
d In certain countries where natural gas is used for cooking or domestic heating during winter 
69 National Grid, NTS linepack, Accessed: 2023-01-03. 
70 DNV, DNV lands 3-year contract in UK for safe use and conversion of pipelines to transport 100% hydrogen, 

Accessed: 2023-01-03. 
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length of the storage by thermal expansion. Kruck et al. (2013) recommends 

withdrawal rates of around 7 600 kg/hour to be feasible for a 42 000 kgH2 facility 

with a maximum storage pressure of 100 bar, indicating that 16.66% of the working 

gas can be consumed per hour and allowing for a significant number of cycles over 

a year. This makes storage pipes an interesting option for short-term peak shavings 

and the capital costs can be distributed over the high number of turnovers over its 

lifetime71. 

Recent studies on hydrogen delivery in Sweden, such as by Vendt & Wallmark72, 

Edvall et al.2, and Samuelsson, Allansson, & Forsström, have all identified 

hydrogen pipelines as a cost-effective method of hydrogen delivery, particularly 

within industrial clusters where economies of scale come into play. 

1.3.3 Lined and unlined rock caverns 

For stationary storages larger than a few tons (as discussed so far), a safer and a 

more economical alternative is provided by underground geological storages11 40 34 

35 71 73. Depending upon local geographical conditions or existence of depleted 

hydrocarbon reservoirs, hydrogen can either be stored in salt caverns, rock 

caverns, aquifers or depleted gas fields. In Sweden, however, the prevailing 

crystalline and metamorphic hard rock formations in the bedrock in most of the 

country limits the possibility of geological storage to only rock caverns74.  

Rock cavern storage facilities can be constructed by excavating and mining 

underground rock formations to form one or more vertically cylindrical cavities 

with spherical tops and bottoms, allowing for tight storage of pressurized gas75. 

The caverns can either be unlined, a concept investigated and applied to LPG 

storages in the 1950s and 1960s, where gas tightness is provided by the ground-

water in the surrounding rock and therefore, caverns have to be constructed 

several hundred meters (700–1 500 m) deep so that the critical gas pressure (which 

has to be lower than the groundwater pressuree to ensure no leakage) is sufficient 

to allow for a compact storage. The excavation down to such depths causes the 

capital costs of these caverns to be significantly high, which in turns requires 

enormously large storage volumes for feasible economics of the storage74 75.  

HETES Energy AB, a Swedish startup, has developed and patented an innovative 

unlined rock cavern storage concept for hydrogen, relying on external 

groundwater pressure as a “water curtain” for gas tightness. Their system, as 

shown in Figure 4, can operate at pressures between 10 and 100 bar, adjustable 

depending on cavern depth. A distinctive feature of HETES’s design is the use of 

balancing water, injected from the bottom of the cavern, to regulate and stabilize 

the pressure within the cavern. By keeping the pressure constant through this 

 
71 Kruck, O., et al., Underground Storage Technologies for Hydrogen, 2013. 
72 Vendt, M. & Wallmark, C., Prestudy H 2 ESIN: hydrogen, energy system and infrastructure in northern 

scandinavia and Finland, 2022. 
73 Homer, J. B., Horvat, E. & Unsworth, J. F., Laboratory experiments for unlined cryogenic cavern storage, 

1989. 
74 Liang, J. & Lindblom, U., Analyses of Gas Storage Capacity in Unlined Rock Caverns, 1994. 
75 Johansson, J., High pressure storage of gas in lined rock caverns – Cavern wall design principles (Licentiate 

thesis), 2003. 
e The groundwater pressure increases with depth. 
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water-level adjustment, HETES’s concept minimizes stress on the surrounding 

rock, allowing for faster hydrogen injection and withdrawal rates without 

significant temperature fluctuations. Although this concept remains theoretical and 

requires testing, HETES suggests that lower storage pressures could allow 

hydrogen to be injected and withdrawn with minimal temperature fluctuation. The 

storage system could potentially be built in various locations across Sweden, 

though proximity to a lake or river would be preferable to supply water as a 

sealing medium. Additionally, a dryer may be necessary to remove residual water 

from the extracted hydrogen76. 

 

Figure 4: The schematic of unlined caverns proposed by HETES Energy AB. (Used with permission) 

Alternatively, applying a thin impermeable liner around the cavern boundary can 

also provide the required gas tightness at high storage pressures (150–300 bar); this 

allows for relatively shallow depths of 100–200 meters75. A small pilot lined rock 

cavern (LRC) storage facility for hydrogen is under operation in Luleå as a part of 

the HYBRIT project, where two tons of hydrogen are being stored in a 100 m3 

LRC77. This concept has been demonstrated on a much larger scale for natural gas 

in Halmstad to complement the Swedish natural gas grid with a gas storage 

capacity of 10 million Nm3 at 200 bar78. 

The construction and different layers of an LRC is shown in Figure 5 below. The 

surrounding rock mass, which bears the load, is what determines the maximum 

allowable storage pressure. The gas tightness, as mentioned above, is ensured by 

an inner lining, typically steel. Due to problems with hydrogen embrittlement, 

 
76 HETES Energy AB, Personal communication with HETES Energy AB, 2024. 
77 HYBRIT, HYBRIT: A unique, underground, fossil-free hydrogen gas storage facility is being inaugurated in 

Luleå, Accessed: 2023-01-05 
78 Johansson, F. et al., Investigations of research needs regarding the storage of hydrogen gas in lined rock 

caverns, 2018. 
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selection of a suitable steel type for the liner is critical for reliability of the storage. 

According to a Swedish steel manufacturer Sandvik, proper testing of different 

liners under cyclic conditions can solve this issue. A reinforced concrete layer is 

added between the rock mass and the steel lining as a transmission medium for the 

gas pressure from the steel lining to the rock mass and a smooth shield for the liner 

from deformities in the rock mass. An asphalt sliding layer between the lining and 

the concrete reduces the friction between them and provides corrosion protection 

for the liner. When the storage is empty (i.e. the pressure is low), the groundwater 

in the rocks will tend to seep towards the cavern. For this reason, a drainage 

system also has to be embedded within a shotcrete layer between the concrete and 

the rock mass78.  

 

Figure 5: Simplified construction of an underground lined rock cavern storage for pressurized hydrogen. 

The above ground facility for an LRC is more or less similar to other stationary 

compressed hydrogen storages. A compressor station controlling the flow of 

hydrogen in and out of the caverns is required. Whereas a gas drier, which is 

necessary for other underground storages, is redundant for an LRC35. The mining 

and excavation of the underground caverns and their access tunnels contributes to 

their higher capital costs than other underground storage alternatives. Therefore, 

high storage pressures are preferred to allow for a higher density and 

consequently, a minimized excavation need. Capital costs of 47.36–60.90 €2021/kgH2 

have been estimated by Papadias & Ahluwalia (2021) for a 500 tonnesH2 storage at 

pressures 150-300 bar. Economy of scale can also help reduce the capital costs. 
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Lord, Kobos & Borns (2014), for instance, estimated 39.69 €2021/kgH2f for a five times 

larger storage at 138 bar34. Similar to pipe storage, some hydrogen will also be lost 

as cushion gas as a “capital cost”, depending upon the pressures the LRC can be 

cycled between. The HYBRIT pilot plant, which can store hydrogen at 250 bar, 

requires around 11-12% cushion gasg if cycled down to 25 bar.  

The cycling rate, i.e. the withdrawal and injection of hydrogen, is limited by 

temperature restrictions. Upon withdrawal, the remaining gas within the storage 

cools down due to work being done on the outflowing gas49. If the temperature 

falls below 0°C, the freezing of groundwater can cause structural damage to the 

concrete layer78.  The practiced withdrawal rates for the natural gas LRC are 

around 10% of the working gas capacity per day. Slightly higher rates are possible 

for hydrogen, due to its negative Joule-Thompson coefficient, as the remaining gas 

in the storage will undergo a partial heating effect when expanded. The pressure-

volume work, however, may still cause the gas to cool down depending on the rate 

of withdrawal. Lord, Kobos & Borns (2014) assumed 19% per day withdrawal rates 

based on their literature study34, while Kruck et al. (2013) recommend that 13% per 

day is feasible. Depending upon the storage capacities, these numbers are 

significantly large in absolute terms. For example, the rate from Kruck et al. (2013) 

translates to 3 600 kgH2/hr71. Very high temperatures can also be harmful for the 

sliding layer, and therefore injection rates also have to be controlled78. During 

filling both the pressure-volume work and the negative Joule-Thompson 

coefficient of hydrogen contribute towards heating of the gas49. Therefore, the 

injection rates are lower than withdrawal rates and typical recommended rates are 

up to 10% per day.  The limited cycling rates implies that LRC can serve more as a 

long-term than short-term storage medium. 

Rock caverns can potentially play a large role in Sweden as a storage medium for 

hydrogen, especially with the industrial clusters, where the demand is expected to 

be significantly large to make them economically feasible. The hydrogen will have 

to be delivered through pipelines to the point(s) of consumption from the caverns 

and thus, the hydrogen infrastructure can include a combination of both pipelines 

and a centralized storage in caverns to ensure a steady supply, as already practiced 

with natural gas. Edvall et al. (2022)2, in correspondence with the industrial actors, 

have put forward a conceptual transmission network design for hydrogen on the 

Swedish west coast in the future and have recommended that large-scale storages 

will be required near hydrogen production plants (in Lysekil and Stenungsund) to 

complement the hydrogen pipelines. LRC is a potential solution for it. 

 
f All costs in this report have been reported for the year 2021. The costs, which were not originally 

reported in the year 2021, have first been converted to Euros (if in any other currency) and then 

adjusted for inflation using the compound interest formula €2021 = €20XX * (1 + i) n; where 20XX represents 

the year the costs were originally reported in, i is the average inflation rate from that year to 2021and n 

is the number of years leading up to 2021. This report does not include potential future cost reductions, 

either due to economies of scale or technological improvements.  

 

The annual inflation rates are considered for the European Union as reported in the Eurostat database  

 
g Calculated using hydrogen densities at 25 & 250 bar. 
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1.4 HYDROGEN STORAGE IN CHEMICAL HYDRIDES 

1.4.1 Ammonia 

Hydrogen can be chemically reacted with nitrogen separated from air to form 

ammonia (NH3)79, which can be stored at higher densities than pure hydrogen. 

Ammonia, although a gas at atmospheric conditions, can be easily liquefied by 

compressing it to 10 bar at room temperature, resulting in a volumetric hydrogen 

density of 107 kgH2/m3 80. Alternatively, it can be liquefied by cooling it down to -

33°C at atmospheric pressure, thereby achieving an even higher hydrogen density 

of 123 kgH2/m3 11. Thus, storing hydrogen as ammonia is 50–70% more compact 

than even liquid hydrogen and has a high gravimetric hydrogen storage capacity 

of 17.6 wt-%81.  

The conventional Haber-Bosch process is the recommended route for converting 

hydrogen to ammonia, but it adds an energy penalty of 2.00–4.26 kWh/kgH2 to the 

hydrogen storage chain for nitrogen separation and subsequent gas compression to 

reaction pressures of 200–400 bar82. Despite this added energy cost, the Haber-

Bosch process is considered well-established, with over 90% of global ammonia 

production using this method83. One major drawback, though, is its steady-state 

operation and inflexible dynamics, which may necessitate a buffer hydrogen 

storage to ensure its steady supply in a system with dynamic hydrogen 

production. The conventional Haber-Bosch processes operate at a minimum load 

of 50–60%7.  Recently, Haldor-Topsoe has reported the design and construction of a 

pilot-scale dynamic ammonia production plant capable of flexible operation across 

a 10 to 100% load range84, potentially addressing this issue.  

Another advantage of using ammonia is its well-established storage and 

distribution infrastructure, as it is the second most produced bulk chemical 

globally85. Despite its toxic nature, established safety protocols and extensive 

experience make ammonia handling simpler than hydrogen, particularly for long-

distance deliveries. Ammonia can be stored in refrigerated carbon steel tanks with 

capacities up to 50 000 tonnes, at lower costs (2.69–5.09 €2021/kgH2)86 compared to 

compressed hydrogen in pressure vessels. The global infrastructure for ammonia 

distribution includes pipelines, trucks, trains and ships, making it a more cost-

effective alternative for transportation over long distances compared to pure 

hydrogen86 57. According to the IEA, ammonia is particularly economical for 

transport over distances beyond 3 500 km via pipelines and beyond 1 500 km via 

shipping, although this may vary depending on delivery capacities57. 

 
79 Lamb, K. E., Dolan, M. D. & Kennedy, D. F., Ammonia for hydrogen storage; A review of catalytic ammonia 

decomposition and hydrogen separation and purification, 2019. 
80 Kojima, Y., Hydrogen storage materials for hydrogen and energy carriers, 2019. 
81 Kojima, Y. & Yamaguchi, M., Ammonia as a hydrogen energy carrier, 2022. 
82 Smith, C., Hill, A.K. & Torrente-Murciano, L., Current and future role of Haber–Bosch ammonia in a 

carbon-free energy landscape, 2020. 
83 Ghavam, S. et al., Sustainable Ammonia Production Processes, 2021. 
84 Hansen, J.B. & Han, P., Roadmap to All Electric Ammonia Plants, 2018. 
85 Lexie, R., Ammonia’s Potential Role in a Low-Carbon Economy, Accessed: 2023-04-30 
86 Nayak-Luke, R.M. et al., Techno-economic aspects of production, storage and distribution of ammonia 

(Chapter 8), 2021. 
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In certain applications, such as fuel cells or marine combustion engines, ammonia 

can be directly consumed instead of hydrogen without the need to release 

hydrogen from the carrier, making the storage chain more cost-effective and 

energy efficient87 88. However, if the desired end product needs to be hydrogen, the 

high-temperature catalytic cracking of ammonia adds another 7.94 kWh/kgH2 of 

energy penalty as heat20 89, of which 0.85 kWh/kgH2 is needed for post-cracking 

separation and purification of hydrogen89. The process operates at extremely high 

temperatures (850-1 000°C), making it virtually impossible to utilize excess heat 

and presenting a significant challenge for integrating ammonia into the hydrogen 

supply chain90. Recent research efforts have focused on identifying alternative 

catalysts that do not require precious metals and allow for ammonia cracking at 

lower temperatures (<450°C). However, these developments are still in the 

experimental stage and are yet to be commercialized 91 92.  

1.4.2 Methanol 

Methanol (CH3OH) has emerged as a promising candidate for hydrogen storage 

and delivery due to its unique properties. Although it has a slightly lower 

gravimetric capacity (12.6 wt-%) and volumetric density (99 kg/m3) compared to 

ammonia, its liquid state at atmospheric conditions makes it the simplest to handle 

among all chemical hydrides and pure hydrogen93 94 95 96. Hydrogen can be 

converted to methanol through catalytic hydrogenation of CO2, similar to 

conventional methanol production using syngas. The process is exothermic and 

thermodynamically favored at low temperatures (210-280°C) and high pressures 

(up to 100 bar)97 98. The only energy penalty comes from compressing the gases to 

the reaction pressure, adding 1.00–2.20 kWhel/kgH2 to the hydrogen storage chain99 
100. The excess heat generated during the reaction is typically sufficient to operate 

the post-synthesis distillation column for separating methanol from by-product 

water94. Alternatively, it is also possible to transport a mixture of methanol and 

 
87  Hansson, J., Fridell, E. & Brynolf, S., On the potential of ammonia as fuel for shipping, 2020. 
88 McKinlay, C. J., Turnock, S.R. & Hudson, D.A., Route to zero emission shipping: Hydrogen, ammonia or 

methanol?, 2021. 
89 Chatterjee, S., Parsapur, R. & Huang, K-W., Limitations of Ammonia as a Hydrogen Energy Carrier for the 

Transportation Sector, 2021. 
90 Makhloufi, C. & Kezibri, N., Large-scale decomposition of green ammonia for pure hydrogen production, 

2021. 
91 Ristig, S. et al., Ammonia Decomposition in the Process Chain for a Renewable Hydrogen Supply, 2022. 
92 The Royal Society, Ammonia: Zero-carbon fertilizer, fuel and energy storage, 2020. 
93 Meille, V. & Pitault, I., Liquid Organic Hydrogen Carriers or Organic Liquid Hydrides: 40 years of History, 

2021. 
94 Andersson, J., Krüger, A., & Grönkvist, S., Methanol as a carrier of hydrogen and carbon in fossil-free 

production of direct reduced iron, 2020. 
95 Frei, M.S. et al., Methanol as a Hydrogen Carrier: Kinetic and Thermodynamic Drivers for its CO2-Based 

Synthesis and Reforming over Heterogeneous Catalysts, 2020. 
96 Schorn, F., et al., Methanol as a renewable energy carrier: An assessment of production and transportation 

costs for selected global locations, 2021. 
97 IRENA & Methanol Institute, Innovation Outlook: Renewable Methanol, 2021. 
98 Zhang, X. et al., Catalytic conversion of carbon dioxide to methanol: Current Status and Future Perspective, 

2020. 
99 Li, P., et al., Analysis of routes for electrochemical conversion of CO2 to methanol, 2022.  
100 Schemme, S. et al., H2-based synthetic fuels: A techno-economic comparison of alcohol, ether and hydrocarbon 

production, 2020. 
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water directly, without requiring distillation. This approach provides excess heat 

that can be utilized for other purposes and a hydrogenation process with reduced 

complexity11.  

The hydrogenation process has gradually gained commercial maturity, with the 

first CO2-based methanol production plant constructed in Iceland in 2011101. Liquid 

Wind, a company based in Sweden, plans to build six methanol production plants 

by 2030, three of which have been announced on the east coast of Sweden102. It is 

worth noting, however, that methanol production requires an external CO2 supply 

in the vicinity to potentially act as a hydrogen storage medium, with 7.14 kgCO2 

needed to store a kg of hydrogen103. In the Nordic countries, especially Sweden and 

Finland104 105, this CO2 can be sourced from biogenic industrial flue gas streams 

using carbon capture; this may in many cases have operational advantages over 

carbon capture from flue gases of fossil origin since the concentration of CO2 

comparably are higher in flue gas of biogenic origin96 106. Alternatively, direct air 

capture (DAC) can be used but the cost of capture is significantly higher due much 

lower concentrations of CO2 107.  

Similar to ammonia, methanol has a well-established distribution infrastructure 

globally, with transport possible via ships, trains, pipelines and trucks. Its high 

boiling point (65°C) and liquid nature at normal conditions make storage and 

transport in simple containers feasible, without the need for refrigeration like 

liquid hydrogen, ammonia or methane108. Existing crude oil cargo vessels can also 

be used with minor modifications to export methanol globally as a hydrogen 

carrier via ships, facilitating its role as a hydrogen carrier for global export96. 

Hydrogen release from methanol is typically achieved through steam reforming, 

which is already at a high technological readiness level7 96. Other recommended 

routes include methods such as partial oxidation, autothermal reforming & 

thermal decomposition, but steam reforming is preferred in the context of 

hydrogen storage as it yields more moles of hydrogen per mole of methanol109. 

Dehydrogenation through steam reforming occurs at lower temperatures (150-

350°C) 7 110 than both ammonia cracking and methane reforming, using similar 

copper-based catalysts employed for methanol synthesis. Copper-based catalysts 

promote the production of carbon-dioxide and hydrogen as opposed to palladium-

based catalysts which is more favorable for syngas production. However, some 

 
101 Jarvis, S.M. & Samsatli, S., Technologies and infrastructures underpinning future CO2 value chains: A 

comprehensive review and comparative analysis, 2018. 
102 LiquidWind, Flagships, Accessed: 2022-11-27. 
103 Ulucan, T.H. et al., Hydrogen storage in liquid hydrogen carriers: recent activities and new trends, 2023. 
104 Rodriguez, E. et al., Tensions in energy transition: Swedish and Finnish company perspectives on bioenergy 

with carbon capture and storage, 2021. 
105 Fuss, S. & Johnsson, F., The BECCS Implementation Gap – A Swedish Case Study, 2021. 
106 Ericsson, K., Biogenic carbon dioxide as feedstock for production of chemicals and fuels: A techno-economic 

assessment with a European perspective, 2017. 
107 IEA, Simplified levelised cost of competing low-carbon technologies in long distance transport, Accessed: 

2023-04-24 
108 Dias, V., et al., Energy and Economic costs of Chemical Storage, 2020. 
109 Garcia, G. et al., A comprehensive review of hydrogen production from methanol thermochemical conversion 

for sustainability, 2020. 
110 Iulianelli, A., Dalena, F. & Basile, A., H2 production from bioalcohols and biomethane steam reforming in 

membrane reactors, 2017. 
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carbon monoxide is still produced, which can be converted to carbon dioxide by 

adding a water gas shift reactor after the reforming unit, increasing hydrogen 

yield109. The process is endothermic in nature and favored by low pressures, with 

an approximate process heat requirement of 6.70 kWh/kgH220. This energy 

requirement may be omitted if methanol can be consumed directly instead of 

hydrogen.  

Another advantage of utilizing the steam reforming process is that the energy-

intensive methanol distillation step from water in the methanol production step 

can be skipped, if a methanol-water mixture can be stored as a hydrogen carrier 

instead. This mixture can be used directly for the reforming process, and the excess 

heat from the reaction can be utilized for other purposes11. The gravimetric 

hydrogen storage capacity would only be slightly reduced to 12 wt-%, as 

approximately 0.562 kg of water is formed as a by-product per kg of methanol96.  

1.4.3 Methane 

Hydrogen can also be chemically reacted with CO2 to form methane instead of 

methanol111 112, thereby achieving a much higher gravimetric storage capacity (25 

wt-%) of hydrogen. Methane, however, is a gas at standard conditions and requires 

an additional compression or liquefaction step to achieve high volumetric 

hydrogen storage densities113. Compressed methane at 100 bar has a volumetric 

hydrogen storage density of approximately 20 kgH2/m3, while liquid methane at -

163°C can store 110 kgH2/m3 113. The properties of methane make it easier to both 

compress and liquefy compared to hydrogen, requiring much less energy49. The 

liquefaction of methane, for instance, requires approximately 1.168 kWh/kgH2 for 

the widely-deployed dual refrigeration cycle-based process114, compared to liquid 

hydrogen which requires >10 kWh/ kgH220.  

The hydrogenation process, also known as methanation or Sabatier process, itself 

adds only a slight energy penalty to the hydrogen storage chain. The process 

typically takes place at lower pressures than those required for methanol 

production, allowing for direct use of pressurized hydrogen obtained from 

electrolysis, with only the CO2 requiring compression. This accounts for an 

electricity consumption of only 0.56 kWh/kgH2 to the hydrogenation process, 

considering that 5.5 kg of CO2 is required to store one kg of hydrogen21. Similar to 

CO2 hydrogenation to methanol, water is formed as a byproduct in the case for 

methane as well, but as the reaction products are in a gaseous state, energy-

intensive distillation is replaced by a much simpler condensing unit. This means 

that the exothermic process heat of about 3 kWh/kgH2 is available for other 

purposes from the Sabatier reactor which operates at temperatures between 200-

 
111 Hampp, J., Dueren, M. & Brown, T., Import options for chemical energy carriers from renewable sources to 

Germany, 2023. 
112 Andersson, J., Application of Liquid Hydrogen Carriers in Hydrogen Steelmaking, 2021. 
113 Bell, I.H. et al., Pure and Pseudo-pure Thermophysical Property Evaluation and the Open-Source 

Thermophysical Property Library CoolProp, 2014 
114 Zhang, J., et al., Comprehensive review of current natural gas liquefaction processes on technical and 

economic performance, 2020. 
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550°C 21 115 116 117. The hydrogenation process is relatively mature, with TRLs up to 8 

reported and much of the interest coming from implementing methanation in the 

context of power-to-gas (P2G)118. 

The existing global natural gas infrastructure can readily be used to transport 

methane, as methane is the main constituent of natural gas119 120 121. The handling of 

methane, therefore, is also considered to be well-established; however, its low-

boiling point makes it costlier than both methanol and ammonia due to the need 

for cryogenic storage tanks122. Nevertheless, natural gas has an already existing 2 

000 000 km long pipeline network, marine carrier vessels for international trade 

and ports integrated with liquefied natural gas handling capacities123, which can be 

used to transport hydrogen in the form of methane. 

Steam reforming is also the preferred dehydrogenation route for methane. In fact, 

the majority of the fossil-based hydrogen production today comes from the steam 

reforming of natural gas1 124. The process is similar to methanol reforming; 

however, steam methane reforming (SMR) requires much higher temperatures of 

up to 1 000°C, typically achieved by combusting 20–25% of the methane supplied 

to the process  125 126. The high temperatures make the process operation inflexible 

and adds a much higher energy penalty (8.61–9.20 kWh/kgH2) to the storage chain, 

compared to methanol127. A post-reforming gas purification unit may also be 

necessary in some cases, where it is necessary to obtain high purity hydrogen124. 

Existing SMR plants can also be employed for methane dehydrogenation. Recently, 

there has been a focus on “blue hydrogen” production from natural gas, where 

SMR units are intended to be integrated with carbon capture facilities to produce 

low-carbon hydrogen. Similar concepts can also be applied to methane, potentially 

allowing for negative emissions if biogenic CO2 is used at the point of 

hydrogenation1. 

 
115 Götz, M. et al., Renewable Power-to-Gas: A technological and economic review, 2016. 
116 Tripodi, A., Conte, F. & Rossetti, I., Carbon Dioxide Methanation: Design of a Fully Integrated Plant, 2020. 
117 Lazar, M., Mihet, M. & Dan, M., Hydrogen to Methane—An Important Step in the Power-to-Gas Concept, 

2022. 
118 Welch, A.J. et al., Comparative Technoeconomic Analysis of Renewable Generation of Methane Using 

Sunlight, Water, and Carbon Dioxide, 2021. 
119 Marnate, K. & Fast, A., Assessing the impact of decarbonization pathways for oil refineries on the 

city energy system: A case study of Gothenburg, 2021. 
120 Savickis, J. et al., The biomethane injection into the natural gas networks: The EU’s gas synergy path, 2020. 
121 Viswanathan, B., Chapter 3: Natural Gas (Fundamentals of Chemical Conversion Processes and 

Applications), 2017. 
122 Al-Breiki, M. & Bicer, Y., Comparative cost assessment of sustainable energy carriers produced from natural 

gas accounting for boil-off gas and social cost of carbon, 2020. 
123 Calderon, M., Illing, D. & Veiga, J., Facilities of Bunkering of Liquefied Natural Gas in Ports, 2016. 
124 Abad, A.V. & Dodds, P.E., Production of Hydrogen, 2017. 
125 Katebah, M., Al-Rawashedeh, M. & Linke, P., Analysis of hydrogen production costs in Steam-Methane 

Reforming considering integration with electrolysis and CO2 capture, 2022. 
126 Basille, A., Iulianelli, A. & Tong, J., Single-stage hydrogen production and separation from fossil fuels using 

micro- and macromembrane reactors, 2015.  
127 Boretti, A. & Banik, B., Advances in Hydrogen Production from Natural Gas Reforming, 2021. 
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1.4.4 Liquid Organic Hydrogen Carriers (LOHC) 

Liquid Organic Hydrogen Carriers (LOHC) are a class of organic compounds that 

have the unique ability to chemically store and release hydrogen, resulting in 

higher hydrogen storage densities compared to compressed hydrogen. LOHCs 

follow the same trend as other liquid chemical hydrides, having to undergo an 

exothermic hydrogenation and an endothermic dehydrogenation process; 

however, unlike other carriers that require gaseous feedstock, LOHCs are in liquid 

form in both their hydrogenated and dehydrogenated states128. This feature 

generally makes the separation following dehydrogenation relatively easy but 

adds the logistic complexity to return the dehydrogenated LOHC to the point of 

hydrogenation. Several organic carriers have been extensively investigated for 

hydrogen storage, with notable examples including toluene, dibenzyl-toluene 

(DBT), and N-ethyl carbazole (NEC), as summarized by Niermann et al. (2019)129.  

Toluene has been investigated as an LOHC since the 1970s130 131 and is one of the 

most recognized technologies in early stages132. Hydrogen can chemically react 

with toluene to form methylcyclohexane (MCH), which offers a theoretical 

hydrogen storage capacity of 6.1 wt% and a volumetric hydrogen storage density 

of 47 kgH2/m3 133. These are significantly lower compared to other liquid chemical 

hydrides discussed so far. Though these values are lower than other liquid 

chemical hydrides, toluene's availability at significantly low costs (0.72 €/kg) and 

low toxicity make it attractive in certain cases 133 134 135. The exothermic 

hydrogenation process can be carried out at 120°C and 30 bar under platinum 

catalysts supported on zeolites, which exhibit the highest known activity129. 

However, due to the high costs of platinum, non-noble metals such as nickel have 

also been investigated, which require higher reaction temperatures136. Kot et al. 

(2020) found that the temperatures had to be increased to 200°C when using nickel 

nanoparticles supported on SBA-3 and AISBA-3 materials as catalysts137. Shuwa et 

al. (2018) also reported hydrogenation at 200°C and 20 bar with nickel-cobalt-

molybdenum supported zeolite catalysts138. Since the hydrogenation takes place at 

similar pressures as those of electrolyzers, the only major energy demand comes 

from the pre-heating of hydrogen and toluene during the start-up, while the 

exothermicity of the process requires cooling of reactor in the form of heat (9.48 

 
128 Peters, W. et al., Efficient hydrogen release from perhydro-N-ethylcarbazole using catalyst-coated metallic 

structures produced by selective electron beam melting, 2015. 
129 Niermann, M. et al., Liquid Organic Hydrogen Carrier (LOHC) – Assessment based on chemical and 

economic properties, 2019. 
130 Sultan, O. & Shaw. H, Study of automotive storage of hydrogen using recyclable liquid chemical carriers. 

[Catalytic dehydrogenation of naphthenes], 1975. 
131 Taube, M. et al., A prototype truck powered by hydrogen from organic liquid hydrides, 1985. 
132 Rao, P. C. & Yoon, M., Potential Liquid-Organic Hydrogen Carrier (LOHC) Systems: A Review on Recent 

Progress, 2020. 
133 Atsumi, R. et al., Effects of steam on toluene hydrogenation over a Ni catalyst, 2020. 
134 Lee. S. et al., Comparative energetic studies on liquid organic hydrogen carrier: A net energy analysis, 2021. 
135 Wulf, C. & Zapp, P., Assessment of system variations for hydrogen transport by liquid organic carriers, 2018. 
136 Li, K. et al., Hydrogenation of Toluene to Methyl Cyclohexane over PtRh Bimetallic Nanoparticle-Encaged 

Hollow Mesoporous Silica Catalytic Nanoreactors, 2021. 
137 Kot, M., et. al., Hydrogenation of toluene over nickel nanoparticles supported on SBA-3 and AlSBA-3 

materials, 2020. 
138 Shuwa, S. M., Jibril, B. Y. & Al-Hajri, R. S., Hydrogenation of toluene on Ni-Co-Mo supported zeolite 

catalysts, 2018. 
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kWh/kgH2) that can potentially be exported or used for other processes134. The 

reconversion of methylcyclohexane to toluene and hydrogen is, however, 

challenging due to the relatively high enthalpy of dehydrogenation (9.48 

kWh/kgH2), and temperatures typically around 350°C are needed. The high 

temperatures imply that toluene obtained during the process is in vapor form and 

post-dehydrogenation condensation becomes necessary to achieve high-purity 

hydrogen134.  

DBT, on the other hand, has a high boiling point of 390°C and remains liquid 

during the release process, making it easy to separate hydrogen from the carrier. It 

is, however, slightly more expensive (4 €/kg) than toluene due lower production 

levels as of today, but it can benefit from economies of scale if produced at a larger 

scale135. Its hydrogenated form, i.e. perhydro-DBT (H18-DBT), has a comparable 

gravimetric storage capacity and much higher volumetric hydrogen densities than 

toluene of 6.2 wt-% and 64 kgH2/m3, respectively11. The exothermic hydrogenation 

process has been reported to take place between 120-200°C and 50 bar with 

ruthenium catalysts supported on alumina, while the endothermic 

dehydrogenation requires temperatures around 300°C with platinum on alumina 

or palladium supported by carbon catalysts 129 134 139. The enthalpy of 

(de)hydrogenation is still quite high as 9.1 kWh/kgH2 must be supplied as heat to 

reobtain DBT, or H0-DBT, from H18-DBT129.  

NEC is among those N-heteroaromatics-based LOHC systems that have been 

developed to reduce the required enthalpy of (de)hydrogenation. Compared to 

toluene and DBT-based systems, it requires lower heat for the release process (7.36 

kWh/kgH2) 129 139. Dodecahydro-NEC or H12-NEC has comparable gravimetric 

hydrogen storage capacity and volumetric hydrogen density of 5.8 wt-% and 54 

kgH2/m3, respectively, to that of toluene and perhydro-DBT. One drawback, 

however, is the higher raw material cost of 40 €/kg for H0-NEC as only less than 10 

000 tonnes is produced annually, mainly from coal tar distillation140. The 

exothermic hydrogenation takes place at similar conditions with required 

temperatures between 130–150°C and pressures of 50–70 bar over a supported 

ruthenium catalyst129 139, but the dehydrogenation takes place at much milder 

temperatures compared to other LOHCs over palladium on alumina catalysts at 

150-170°C129 139. Increasing the temperatures to up to 270°C can allow for faster 

dehydrogenation141, while lower temperatures allow for potential integration with 

waste heat. NEC also has transportation limitations utilizing existing infrastructure 

due to its solid state at ambient conditions142. 

The ideal LOHC may depend upon individual application and system boundaries, 

as discussed by Niermann et al. (2019)129, and more promising materials and 

catalysts are also being investigated140 139 134. In this regard, Chiyoda Corporation in 

Japan and Hydrogenious GmbH in Germany have decided to pursue toluene and 

 
139 Zheng, J. et al., Current research progress and perspectives on liquid hydrogen rich molecules in sustainable 

hydrogen storage, 2021. 
140 Abdin, Z., et al., Large-scale stationary hydrogen storage via liquid organic hydrogen carriers, 2021. 
141 Yang, M., et al., A comparative study of catalytic dehydrogenation of perhydro-N-ethylcarbazole overnoble 

metal catalysts, 2014. 
142 Cho, J-Y., et al., Recent Advances in Homogeneous/Heterogeneous Catalytic Hydrogenation and 

Dehydrogenation for Potential Liquid Organic Hydrogen Carrier (LOHC) Systems, 2021. 
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benzyl-toluene, respectively, and have taken steps towards commercialization140. 

Regardless of the LOHC technology considered, the separation of high-purity 

hydrogen from the liquid carrier is straightforward, except in the case of toluene. 

While LOHC offers a cheap way of transporting the hydrogen-rich molecule, the 

transportation of the hydrogen-lean molecule back to the point of production, as 

well as lower storage capacities, make LOHC transportation more expensive 

compared to other carriers discussed above. Furthermore, the dynamics of LOHC 

operation require further research, although Hydrogenious claims that their 

technology can "follow the load," especially in cases of intermittent hydrogen 

production. 

1.5 COMPARISON BETWEEN DIFFERENT STORAGE AND DISTRIBUTION 
TECHNOLOGIES 

This report has examined various storage and distribution technologies, each with 

its inherent advantages and drawbacks in implementation. The challenges 

associated with hydrogenation, dehydrogenation, storage, distribution, and 

feedstock have been considered, as have the energy penalties incurred across the 

value chain. These technologies are all at different levels of readiness. Figure 6 

presents a summary of all the technologies discussed in this report. Another 

important factor to consider is the temperature levels required for the 

dehydrogenation of hydrides and how this heat can be obtained. This section of the 

report does not include a cost comparison of various storage technologies, as the 

overall cost of each step in the supply chain varies depending on several factors. 

Some of these factors include the capacity of conversion processes, the method of 

distribution, the distance of delivery, and the composition of the energy system, 

among others. 
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Figure 6: A summary of packing, distribution and unpacking of different hydrogen storage and distribution 
technologies described in the report. Energy inputs per kg hydrogen are shown by arrows IN, while energy 
outputs per kg hydrogen are shown by arrows OUT. Values are shown for one kg of hydrogen. 
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1.6 CONCLUSION 

The low density of hydrogen necessitates either compression, liquefaction, 

adsorption or chemical absorption to allow for a feasible and compact storage. 

Only a few of these technologies are mature enough to be considered for the near 

future. For Sweden, the choices are further filtered out due to the unavailability of 

all but one geological storage option, i.e. lined rock caverns. Apart from the 

geological storage, the potential storage techniques discussed in this report include 

compressed storage in pressure vessels, pipelines, or liquid chemical carriers. 

The state-of-the-art for the road transport sector, both on-board storage and 

stationary storage at refuelling stations, is compressed hydrogen in pressure 

vessels. These pressure vessels are also a straight-forward solution for small-scale 

buffer/back-up storage requirements. For the planned hydrogen projects in 

Sweden until 2030, a large storage and delivery network will be needed, where 

hydrogen pipelines and lined rock caverns can play a part due to the existing 

experience from their use. These solutions, however, require large gas volumes to 

achieve economic feasibility and therefore, chemical hydrides can also be 

interesting solutions for a much more widespread deployment of hydrogen, 

especially away from large industrial clusters.  

The planned construction of large-scale methanol and ammonia plants, by Liquid 

Wind and Fertiberia respectively, should also potentially help their case as 

chemical carriers, as large-scale storage and delivery infrastructure will have to be 

developed for the transportation of these hydrogen carriers across Sweden and 

beyond. Methane can also play a vital role in the near future as it can use the 

existing natural gas infrastructure, including the existing hydrogen production 

units. LOHCs are the least developed of all the chemical carriers as of today; 

however, export of hydrogen in the form of LOHC has been announced in the 

coming years. The industries within Sweden, which have availability of waste heat 

at no or low cost, can benefit from the development and potentially integrate 

LOHC as a hydrogen storage medium into their chain. The identification of the 

perfect chemical carrier must be done individually which depends on the 

application the hydrogen is intended to be used for and on the structure of the 

local energy system. 
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2 Work Package 2: System efficiencies, cost 
and benefit of the available hydrogen 
storage technologies 

 

The development and implementation of hydrogen storage technologies are crucial 

to the broader adoption of hydrogen as a clean energy source. As hydrogen plays a 

key role in decarbonizing various sectors, from transportation to industry, the need 

for efficient and cost-effective storage solutions becomes increasingly important. 

This work package aims to provide a comprehensive analysis of the system 

efficiencies, costs, and benefits associated with available hydrogen storage 

technologies. 

In this section, we examine a range of storage methods, categorize them based on 

their maturity, and assess their viability for different applications, including small-

scale and large-scale storage. Key aspects of hydrogen storage will be explored, such 

as H2-injection (the process of preparing hydrogen for storage), storage vessels (the 

containers used to store hydrogen), and H2-extraction (the methods for extracting 

hydrogen back to its gaseous form).  

Table 3 presents a very high-level categorisation system. The table is based on 

findings in this work-package. The different technologies are divided in H2-injection, 

storage vessel and H2-extraction. 

H2-injection is the act of processing pure gaseous hydrogen so that it is suitable for 

storage. This can simply be using a compressor and pump to fill a pressure vessel, 

but in some storage techniques the injection part also includes the chemical process 

plants and/or liquefaction needed to convert the hydrogen into its desirable state. 

For example, binding hydrogen to another material or liquefaction of hydrogen. 

Storage vessel is the actual container that stores hydrogen. Some of these vessels 

require processes to maintain the hydrogen in its desired state. Also, some vessels 

may require heavy insulation or several pressure layers for the storage to be kept 

within safety margins. 

H2-extraction is the act of extracting the stored hydrogen from the storage vessel and 

converting it back to pure gaseous hydrogen. This also includes any chemical 

process plants, just like the injection step. For example, if hydrogen is bound to 

another material, then a process plant is needed to extract and maybe separate the 

hydrogen from the other material. 

The definitions presented in the table below are qualitative and show the technology 

maturity as defined in these categories:  

• Established (Used on a larger scale and for longer time, ~TRL 9-10)  

• Pilot/Demo (Demonstrators, ~TRL 7-8)  

• First trials (No demonstrators in place yet, ~TRL 3-6)   
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Table 3. Overview of how mature different hydrogen storage technologies are based on qualitative analysis.  

 H2-injection* Storage vessel H2-extraction** 

High pressure gas vessels    

Pipelines/pipe storage    

Lined rock cavern    

Liquid hydrogen    

LOHC***    

Ammonia    

Methanol    

Methane    

 Established  Pilot/demo  First trials 

* H2-injection includes the chemical process plants and/or compression/liquefaction 

**H2-extraction includes all steps to get gaseous hydrogen back from the state/compound it was 

stored in 

***LOHC stands for Liquid Organic Hydrogen Carrier 

It’s important to understand that different storage solutions work in different ways 

and are applicable in different systems, which are described more in depth in this 

work-package. Different storage types are also applicable for different sizes, from 

small-scale to large-scale storage as described in Table 4. This is in many cases due 

to the energy content of different hydrogen storage methods where a gaseous 

hydrogen storage will require much more space to store the same amount of 

energy compared to liquified hydrogen storage see Figure 7. 

Table 4 Relevant hydrogen storage volumes as concluded in this work-package. 

Relevant hydrogen volumes 1 – 10 tonnes 10 – 100 
tonnes 

100 – 1000 
tonnes 

> 1000 
tonnes 

Pressure vessels 
 

   

Hydrogen pipelines 
    

LRC   
  

Ammonia   
  

LOHC 
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Figure 7. Energy contents of different energy carriers such as hydrogen 143 . 

Regarding costs, a recent study projected the levelized cost of large-scale hydrogen 

storage (LCOS) which includes most of the afore-mentioned hydrogen storage 

solutions. Results show that there are large differences between different storage 

technologies regarding short-term and long-term storage cost, as well as capital 

cost and operational costs for the systems itself. The hydrogen storage efficiency 

varies a lot as well143.  

Another study compared the potential LCOS for hydrogen in the years on 2030-

2035 with different transport needs. This shows that different storage methods 

have different uses depending on how far the hydrogen needs to be transported 

(and therefore stored), see Figure 8144.  

 
143 Abdin, Z., Khalilpour, K., Catchpole, K., 2022, Projecting the levelized cost of large scale hydrogen storage 

for stationary applications 
144 Zhang, T., Uratani, J., Huang, Y., Xu, L., Griffiths, S., Ding, Y., Hydrogen liquefaction and storage: Recent 

progress and perspectives, 2023 
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Figure 8. Potential costs between the years 2030-2035 to deliver green hydrogen with different storage 
methods and transportation distance 23 

The following subheadings in this work-package will give a more in-depth look of 

some chosen different hydrogen storage technologies. 

2.1 COMPRESSED GAS  

System boundaries 

The system boundaries are defined as for other applications from injection of semi-

low-pressure gas at ambient temperature to extraction of gas at similar conditions. 

This will not be the optimal boundaries for all applications and in some references 

additional assumptions have been made, this is then indicated in the text. There 

are several applications that can be considered medium pressure, in this part of the 

report the focus will be placed on the types that are considered bunched cylinders 

or other types of above ground pressure vessels. Furthermore, the pressures 

considered are 350 bar and 200 bar as these are applicable today in reasonably high 

storage volumes (1000 kg and below). For higher pressure there are currently no 

“larger” vessels for stationary applications frequently in use even if there are 

examples on paper145.  

There are medium sized tanks at high pressure up to 900 bar available for the 

cascade storage solutions used as a means of refilling vehicles as hydrogen 

refuelling stations, however they are considered outside the scope of this project.  

 
145 Elberry, A. M., Thakur, J., Santasalo-Aarnio, A., Larmi, M. Large-scale compressed hydrogen storage as 

part of renewable electricity storage systems. 2021. 
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2.1.1 Pressure vessels (High-medium P) 

Possible users  

Refuelling stations, stationary small-scale reserve power, balancing of power or 

necessary direct power generation.  

Pressure vessels are flexible and can most often be adapted to fit the desired 

system but might be cost inefficient in large hydrogen systems. If a pressure vessel 

is needed in a large hydrogen system, then the pressure most likely needs to be 

reduced (low-medium pressure) to reduce the compressor work needed. 

System efficiency 

There is no need to deliver heat to the storage to function, therefore the main 

efficiency loss in these storages is due to the compressor. The energy demand 

varies between 2-6 kWh/kg hydrogen depending on the desired output pressure 

and the size of the compressor. The higher values are when high pressure is 

needed but low flows, such as at refuelling stations. It might seem contradictory 

but larger compressor for industrial level flows are more energy efficient and 

hence results in a lower energy demand. The efficiency of compressors varies 

between 50-75% depending on the model and will be influenced differently 

depending on choice146. Some loss of hydrogen during compression is also 

expected and values around 0.5% have previously been assumed147.  

There have currently been discussions on the accepted leakage rate from gas-based 

storage systems and this is aimed to be 1% per month. Still, depending on storage 

size, 1% can be a quite large amount of hydrogen148. There, will also always be 

some of the gas that cannot be recovered from the storage vessel as the conditions 

in the storage will never go back to zero pressure. For pressure vessels the storage 

vessels efficiency that is commonly mentioned is >95%149.  

System costs 

These systems are very modular and many of the costs are directly linked to the 

desired size of the system. For the storage tanks/vessels the investment cost can be 

considered to scale quite linearly and is expressed as a cost per kg of hydrogen. For 

200 bar a common cost estimate is 265 k€ per bunched cylinder storage of 400 kg 

and for 350 bar it is 420 k€ for a bunched cylinder storage of 900 kg150.   

 
146 Mohd Adnan Khan, Cameron Young, Catherine Mackinnon, David B. Layzell, The Techno-Economics 

of Hydrogen Compression TECHNICAL BRIEF, 2021 
147 M. Reuß, T. Grube, M. Robinius, P. Preuster , P. Wasserscheid, D. Stolten, Seasonal storage and 

alternative carriers: A flexible hydrogen supply chain model, 2017 
148 Zainul Abdin, Kaveh Khalilpour, Kylie Catchpole, Projecting the levelized cost of large scale hydrogen 

storage for stationary applications, 2022 
149 Zainul Abdin, Kaveh Khalilpour, Kylie Catchpole, Projecting the levelized cost of large scale hydrogen 

storage for stationary applications, 2022 
150 Markus Hurskainen, Jari Ihonen, Techno-economic feasibility of road transport of hydrogen using liquid 

organic hydrogen carriers, 2020 
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For compressors it varies with flow rates, in a previous study by RISE a cost 

summary for smaller compressors where made (for a hydrogen refuelling station), 

see Figure 9151.  

 

Figure 9. Cost summary for small compressors in relation to flow rate. Capex in kSEK on the vertical axis and 

maximal flow capacity in kg/h on the horizontal axis 

In literature the cost for larger systems around 4 tonne/h are shown to be 

€7.2M/system. Indicating yet another cost/(kg/h) compared to the graph above, 

hence the values should be considered an indication and not a set value.   

System benefits 

Main benefits: 

• No risk of gas contamination  

• Release from storage is low to zero work 

• Established technique 

Main downsides: 

• Limited applicability due to size/kg H2 

• Different safety risks when handling high pressure storage 

Examples/cases 

Hydrogen refuelling stations (RFS) for vehicles is a common example when 

pressure vessels within the medium to high pressures are used. 

2.1.2 Hydrogen pipelines (Medium-low P) 

For large-scale storage of hydrogen, a promising option is pipe storage. This is in 

part due to the high storage pressure, resulting in compactness of the system. With 

the existing pipe storages of natural gas as a reference, approximately 12t of 

 
151 Lundblad, A., Nordin Fürdös, A., Nilsson, K., Pettersson, K., Axelsson, L., Ahlström, J., 2020, Vätgas 

som alternativ för skogsindustrins transporter 
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hydrogen could be stored per km of pipeline152. The hydrogen is produced at a 

pressure of 20 – 30 bar and is stored in the pipelines at a pressure of abiout 100 bar.  

Possible users  

Possible users of hydrogen pipeline storage are industrial clusters where large, and 

increasing, amount of hydrogen is needed. Examples of sectors that would benefit 

of being connected to a hydrogen pipeline are producers of e-fuels, e-fertilizers, 

green chemicals as well as the steel and metal industry. In Sweden LKAB, 

Fertiberia and H2 Green Steel are examples of industrial actors that would benefit 

from this type of storage. 

System efficiency 

The energy needed to compress hydrogen to the storage pressure is 1 kWh/kg H2 

which corresponds to about 3% of the energy content of the stored hydrogen152. 

The low amount of energy needed to store the hydrogen results in that storage in 

pipelines is an energy efficient method. 

However, storing NG in pipelines is more efficient than storing hydrogen. The 

reason for this is related to the difference in volumetric energy density of hydrogen 

(10.78 MJ/m3) compared to NG (35.5 MJ/m3). The energy density (MJ/kg) of 

hydrogen (120 MJ/kg) is higher than that of NG (50 MJ/kg), however, since the 

volumetric energy density is lower this has the implication that the transport 

velocity through the pipeline has to be higher for hydrogen (about 3.29 times 

higher). Due to the restriction of typical transmission pipelines, the velocity 

required to meet the same energy content as that of NG is not possible to reach. 

This results in that a dedicated hydrogen pipeline has 88.4% of the energy content 

that the same pipeline, operating with methane, would have155.   

System costs 

According to the EU hydrogen strategy the short-term scenario will include 

injection of hydrogen into the existing gas grid153. However, the long-term scenario 

implies dedicated hydrogen grids. To achieve hydrogen grids, existing gas 

pipelines can be repurposed, alternatively new pipelines could be constructed. In 

many cases it is possible to repurpose the existing grid. The material cost of a 

pipeline scale with both diameter and operating pressure154. Labor costs are also 

dependent on the material cost, making it more expensive for thicker and heavier 

pipes that requires more robust installation. Furthermore, right-of-way costs can 

vary with a factor of 7 based on where the pipeline should be constructed. An 

approximation of the cost of repurposing an existing pipeline is $0.05/kg H2, while 

a new H2 pipeline would cost about $0.1/kg H2158. 

 

 
152 Andersson J, Grönkvist S. Large-scale storage of hydrogen. Vol. 44, International Journal of Hydrogen 

Energy. Elsevier Ltd; 2019. p. 11901–19. 
153 Sweco. Internationell och nationell sammanställning av vätgas och vätgasklusters utveckling [Internet]. 

Available from: https://swecogroup.sharepoint.com/sites/gr_anbudeivtgas/shared 
154 Brown, Daryl & Cabe, James & Stout, Tyson. (2011). National Lab Uses OGJ Data to Develop Cost 

Equations. Oil and Gas Journal. 109. 
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An alternative to dedicated hydrogen pipelines is direct H2 injection in gas grid 

(HIGG), which includes injection of up to 20 vol% H2 to the gas grid. For larger 

shares of H2 injection to the gas grid, it could be transported in a mix with natural 

gas to later be separated from the NG before the distribution to the end user. This 

is done in order to not lower the quality of the end-product. The separation would 

result in an added long-term cost of $2-$4/kg H2158. A different alternative to the 

direct injection of H2 into the grid is to convert H2 into methane in order to make it 

compatible with the NG infrastructure. The additional cost of methanation of H2 is 

about $1-$2/kg H2.  

 

To keep the pressure throughout the pipeline, compressor stations are built every 

100 to 500 km of the pipeline155. The costs for transport through the pipeline are 

partially dependent on the scale. For a large-scale transport of 100 – 1000 tonnes 

H2/day the cost is < 1 $/kg H2.  

System benefits 

Main benefits:  

 

• Gas storage in pipelines is a mature technology. 

• Promising technology for large-scale storage due to compactness of system. 

• Energy efficient storage method. 

• Relatively low-cost distribution alternative. Cost effective in high-demand, 

densely populated markets156.  

• Enables investments in wind power and electrolyzers157. 

• Facilitates integration of different sectors157.  
Main downsides: 

• Safety issues connected to hydrogen’s large flammability range, ease of 

ignition and invisible flame. 

• Technical difficulties due to the phenomena called hydrogen embrittlement, 

resulting in larger material expenses as well as larger safety margins. 

• Lower energy storage efficiency than NG due to difference in volumetric 

energy density. 

• Regulatory, legal and administrative barriers. 

 

Since storage of hydrogen in a grid is a new issue there are many obstacles in the 

regulatory system. There are legal and administrative barriers hindering H2 

injection into gas grids since permitting rules are complex and there are diverging 

regulations of H2 concentration levels158. Furthermore, there are significant capital 

 
155 Khan TO, Young MA, Layzell CB. The Techno-Economics of Hydrogen Pipelines [Internet]. Vol. 1, 

Transition Accelerator Technical Briefs. 2021. Available from: www.transitionaccelerator.ca 
156 Yang C, Ogden J. Determining the lowest-cost hydrogen delivery mode. Vol. 32, International Journal of 

Hydrogen Energy. Elsevier Ltd; 2007. P. 268 – 286. https://doi.org/10.1016/j.ijhydene.2006.05.009 
157 Kreisel H. Nordic Hydrogen Route. Available from: https://www.energigas.se/media/3cfnfsgq/1_2-

hans-kreisel.pdf. Visited 2023-04-14. 
158 Task 41 Special Project Renewable Gases-Hydrogen in the Grid Activity funded by the European 

Commission, Germany and Sweden with contributions from the Netherlands Synthesis Report. 

https://www.energigas.se/media/3cfnfsgq/1_2-hans-kreisel.pdf
https://www.energigas.se/media/3cfnfsgq/1_2-hans-kreisel.pdf
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investments related to hydrogen pipeline storage, which would need 

governmental support until the hydrogen demand is enough152,155. 

Examples/cases 

Nordic Hydrogen Route is a project that aims to build a hydrogen infrastructure 

consisting of pipelines in the Bottenviken region. The initiative is led by Gasgrid 

Finland and Nordion Energi and aims at ensuring a reliable hydrogen market 

where energy can be efficiently transported from producer to consumer157. 

Consumers that will benefit from this pipeline is LKAB, Fertiberia and H2 Green 

Steel in Sweden and Neste in Finland. 

Risks 

The usage of pipelines as large-scale storage is already a mature technology. The 

main technical obstacle related to storage of hydrogen arises from the fact that 

hydrogen is more challenging than other gases155. This is due to hydrogen’s low 

density, the safety concern as well as the phenomena called hydrogen 

embrittlement152. Hydrogen embrittlement, affects the mechanical properties of 

steel material in a negative way, resulting in larger expenses in order to meet 

increased requirement of safety margins. Compared to natural gas, the safety risks 

associated with hydrogen are greater since hydrogen has a large flammability 

range in air, has an invisible flame and requires only a small amount of energy for 

ignition. 

2.1.3 Lined rock caverns (High P) 

Underground storage of gas is a proven technique where an underground cavern 

serves as gas-storage tank, the cavern may be a natural rock formation or 

manmade. The bedrock itself helps keep the gas pressurized and decreases the 

material requirements for the storage. The type of underground storage depends 

on the local site geology. Possible forms of underground storage are Salt Caverns, 

Lined Rock Caverns, Aquifers, Depleted Gas Fields, and Abandoned Mines. För 

the Swedish context it is Lined Rock Caverns that is the most suited option given 

the geology of the country (there are no salt caverns) and the usual requirements 

for hydrogen purity. Lined Rock Cavern (LRC) is a proven technology that has 

been used for natural gas storage in Halland, Sweden (Skallen) that can store 10 

million normal cubic meters and has a pressure design of over 200bar.159 The 

concept is to store gas underground using the bedrock to help keep the gas 

pressurized. To ensure the storage tightness and avoid leakages, the cavern is lined 

with different layers. These liners also ensure the hydrogen purity by eliminating 

the contact between hydrogen and the bedrock minerals and microorganisms 

(which could lead to undesired reactions).    

Possible users  

LRC technique is becoming commercially viable for large scale applications for 

industrial uses, grid balancing and energy storage. LRC hydrogen storage can act 

as buffer storage to provide a constant and even input of hydrogen for continuous 

 
159 Swedegas www.swedegas.se/sv-SE/ >Tjänster>Lagring. Visited on 2023-02-14. 

http://www.swedegas.se/sv-SE/
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industrial processes or even for off-grid production sites. If the hydrogen 

production is powered by intermittent renewable energy, the storage facility 

would store hydrogen during high renewable energy production times and deliver 

hydrogen when required by the process.  

The size and number of caverns will depend greatly on the application. The 

amount of hydrogen consumed, regime of consumption (continuous or 

intermittent), design buffering capacity and so on vary for different applications. 

Here are some examples from large industrial consumers.   

Refineries: Refineries use large amounts of hydrogen, normally produced through 

steam reforming of natural gas, in the hydrotreatment process to remove the 

sulphur from crude oil. The hydrogen reacts with sulphur and forms H2S(g). The 

amounts of hydrogen used will depend on the amount of crude oil, sulphur 

content, and oil quality required. Expected hydrogen demand is around 150 000 

Nm3/h.   

Steel Production: There are several initiatives around the world to produce steel 

with zero (or low) carbon footprint, called green steel. Green steel uses hydrogen 

instead of natural gas in the direct iron reduction (DRI). Hydrogen can also 

partially replace coal consumption and even be used in the burners instead of 

natural gas depending on the heat requirements since hydrogen has a low radiant 

heat in comparison with hydrocarbons.  

Fertilizers: Fertilizer production uses large amounts of ammonia. A new 

generation of processes is rising where ammonia is produced using renewable 

hydrogen (that is produced through water electrolysis using renewable electricity). 

The level of adaptation that the plant requires depends, to some level, on how 

continuous the hydrogen input to the Haber Bosch process (ammonia production 

process) is.  

System efficiency 

The storage efficiency, defined as the capability of delivering most of the hydrogen 

chemical energy at the cavern outlet, ranges between 97-98%. It is reasonable to 

have low losses with the design choices of this study. Material losses are only 

supposed to happen in the compressing unit (they account for 0,5% of the total 

mass flow rate); the compressor power consumption is limited since the gas must 

be compressed from an already high starting pressure of 30bar (outlet pressure of 

the electrolyzer unit).  

The compressing step is where the most significant losses occur, and losses largely 

depend on the initial pressure. The lower the initial pressure the lower the 

efficiency. The compression efficiency can vary between 91-97% (calculated 

value).160  

 
160 Giuseppe Ripepi, Hydrogen storage for variable renewable electricity integration: Techno-economic analysis 

of a Lined Rock Cavern system. Chalmers University of Technology, 2018. 
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System costs 

The LRC investment cost (CAPEX) depends strongly on the amount of hydrogen 

and storage pressure. The storage size (or storage capacity) can vary greatly since 

the size and amount of storage caverns must be tailored to each application. As 

shown in Figure 10, there is an economy of scale as the useable amount of 

hydrogen increases. However, over approximately 400 tonnes the number of 

caverns needs to be increased to accommodate larger amounts of hydrogen, which 

leads to higher fixed costs (for construction, materials, equipment). There is still an 

economy-of-scale effect but with a lower tendency. 

 

Figure 10. Installed capital costs in USD per kg H2 comparison between Lined Rock Cavern, Salt Cavern, and 
Underground Pipes 161. 

The total CAPEX can be divided into two parts: total underground costs and total 

above costs (or surface-bound). The above ground costs account for the 

compression station, heat exchangers for cooling and heating, piping, valves, 

instruments and control system161 .The underground costs include the storage 

cavern (shaft, dome, lining, and concrete) and tunnel system.  

The largest portion of the CAPEX is represented by the underground costs. Of the 

mentioned components, the dome is the major contributor to the cost.  

 
161 Johansson, F., Spross, J., Damasceno, D., Johansson, J., Stille, H. KTH Division of soil and rock 

mechanics. Investigation of research needs regarding the storage of hydrogen gas in lined rock caverns. 2018. 
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As stated earlier there is an economy of scale effect to be gained by increasing the 

storage capacity. The effect is most significant for the underground costs while 

aboveground costs see a small marginal increase as the amount of stored hydrogen 

increases see Figure 11.  

Usual life-time values for LRC are from 35 to 50 years. 

 

Figure 11. Breakdown of capital cost in USD/kgH2 (2021) 162 

The current costs of hydrogen storage using LRC technique are as follows: 

CAPEX for storage: 48 EUR/kgH2    

OPEX for storage: 4% of CAPEX annually  

Compressor: 10 000 EUR/ kg peak compression/ h 

Electricity consumption: 2,4 kWel/kgH2. 

It is worth noting that lower hydrogen storage costs are projected for the years 

2030 (45 EUR/kgH2) and 2040 (42 EUR/kgH2) because of technical developments. 

System benefits 

The lining prevents hydrogen from reacting with the components in the cavern 

walls. The resulting hydrogen is of high purity and can be used in all applications 

but specially for electricity generation in fuel cells and as raw material for 

applications that require high hydrogen purity.  

The cavern itself acts as a storage tank, thus minimizing the material requirements 

and at the same time allowing for much larger amounts of hydrogen to be stored at 

lower cost per ton. In fact, while spherical pressured vessels require 30-40 mm wall 

thickness the LRC requires around 6-12mm.162 

 
162 D.D. Papadias, R.K. Ahluwalia, International Journal of Hydrogen Energy 46, Bulk storage of hydrogen. 

2021. 
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Examples/cases 

HYBRIT 

Hybrit is a joint venture between SSAB, LKAB and Vattenfall. The development is 

supported also by the Swedish Energy Agency and the EU Innovation Fund. 

Hybrit’s goal is to develop fossil-free steel by using green hydrogen. To have 

enough hydrogen available many electrolysers are planned as well as an 

underground hydrogen storage using Lined rock cavern (LRC) technique.  

The LRC storage pilot facility was inaugurated in June 2022 and will undergo a 

two-years test period. The LRC can reach 250 bar and is 100m3, giving a storage 

capacity of 100 GWh of (hydrogen) electricity which represents three to four days 

of hydrogen consumption.163    

Risks 

The challenges related to LRC are very similar to other applications. Having the 

right materials, that are certified and are classed for hydrogen applications, is 

currently a challenge. From compressors to valves it can be difficult to find 

appropriate equipment. Having right parts and appropriate equipment is key for 

the plant safety and are part of the plant’s certifications.  

There is current work being done regarding the lining of the LRC, where 

improvement and optimization of materials and their thickness is key for future 

investment costs.  

Handling of leakages and possibility of explosion are risks further detailed in the 

following section of the report.  

 
  

 
163 Hybrit. Visited 2023-01-30 https://www.hybritdevelopment.se/en/hybrit-milestone-reached-pilot-

facility-for-hydrogen-storage-up-and-running/ 

https://www.hybritdevelopment.se/en/hybrit-milestone-reached-pilot-facility-for-hydrogen-storage-up-and-running/
https://www.hybritdevelopment.se/en/hybrit-milestone-reached-pilot-facility-for-hydrogen-storage-up-and-running/
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2.2 LIQUID/HYDROGEN STORAGE IN CHEMICAL HYDRIDES  

2.2.1 Ammonia 

Ammonia has been used for a century in different applications, as a chemical 

feedstock for explosives production and fertilizers, and as a refrigerant. This 

translates into a well-understood technique for ammonia storage and transport, 

where the risks are well known, and proper standards and requirements for its 

handling are in place. Due to ammonia’s high toxicity, it is required that all 

personnel involved in its handling are professionally trained.164  

“The key advantage ammonia has over pure hydrogen as a low-emission fuel is its 

higher volumetric energy density and liquefaction temperature, making it much 

easier to transport and store. In 2020, 185 Mt of ammonia were produced and 

around 20Mt of it globally traded. This means that for ammonia, when compared 

to hydrogen, the infrastructure, and practices to support safe and reliable storage, 

distribution and export are already highly developed.”165 

Ammonia is a preferred candidate for hydrogen storage and transport due to the 

lack of carbon atoms in its molecule, being called “zero-carbon hydrogen carrier.  

 

Figure 12. Global yearly demand for pure hydrogen (small levels of additives) for applications such as refining, 
ammonia and others, as well as hydrogen blends with other gases for applications such as methanol, DRI and 
others.166 

The ammonia production industry consumed over 30 million tonnes of hydrogen 

in 2018 (Figure 12). This hydrogen has been produced mostly from fossil-based 

sources. The ammonia production itself is a large scale, commercialized process 

that has been cost-optimised throughout the years.    

The ammonia traditional cost of production, with hydrogen obtained through 

steam methane reforming, ranges between €0,12 - €0,34 per kg worldwide.167 The 

 
164 IEA, The future of Hydrogen, 2019. 
165 IEA, Ammonia Technology Roadmap: Towards more sustainable nitrogen fertilizer production, 2021. 
166 IEA, The future of Hydrogen, 2019. 
167 The original report´s exchange ratio was used: €/£ = 1,11 (27/8/2019). Original data is here presented: 

£0,11-£0,31 
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largest cost-factor being the natural gas, the overall cost of production can vary 

greatly due to the price swings of natural gas.168  

There is little information on the cost of green ammonia production, however, 

there has been attempts to estimate the costs based on the cost of electricity, which 

is the largest cost in green hydrogen production and therefore in green ammonia 

production. The following analysis, Figure 13, is based on the CE Delft publication 

“Identifying breakthrough technologies for the production of basic chemicals – A 

long term view on the sustainable production of ammonia, olefins and aromatics in 

the European region”. The presented data has been adjusted to reflect the cost of 

green hydrogen production and the cost to produce green ammonia as opposed to 

having ammonia produced based on NG.   

 

Figure 13. Carbon Free Ammonia Production Cost 169 

System boundaries 

Ammonia is produced by mixing nitrogen and hydrogen, and the production can 

be done either naturally or synthetically. The most common ammonia synthesis is 

the energy-intensive Haber-Bosch (HB) process (Figure 14), a thermochemical 

synthesis process, using steam methane reforming (SMR) for hydrogen production. 

This process has energy consumption of 7,8 kWh per kg ammonia170. A HB process 

with electrolysis-based hydrogen production has energy consumption of 10-12 

kWh per kg ammonia171. The large energy consumption is mostly because of the 

electricity consumed in the hydrogen production via water electrolysis. If the 

 
168 Ecuity, Engie, Siemens, STFC, Ammonia to Green Hydrogen Project, Feasibility Study, 2019. 
169 CE Delft, Identifying breakthrough technologies for the production of basic chemicals – A long term view on 

the sustainable production of ammonia, olefins and aromatics in the European region, 2012. 
170 S. Giddey et al., Ammonia as a Renewable Energy Transportation Media, ACS Sustainable Chemistry 

& Engineering. 
171 S. Giddey et al., Ammonia as a Renewable Energy Transportation Media, ACS Sustainable Chemistry 

& Engineering. 
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electricity used for electrolysis is excluded, the resulting electricity demand of 

ammonia-based hydrogen production is 2-4 kWh per kg ammonia172.  

 

 

Figure 14. Process flow scheme for sustainable ammonia production. The red line delimitates the system 
boundaries for this study 173 

Alternative processes for ammonia production are thermochemical cycle process, 

electrochemical processing, and biomass gasification174,175. A process considered to 

be promising for ammonia production combines solid oxide electrolyzer, nitrogen 

production with pressure-swing adsorption and HB process176,177. There is ongoing 

research on these processes, which theoretically are more efficient, but there are no 

large-scale plants yet.  

Ammonia can be stored in liquid form, with two main storing techniques. Option 

one is to increase pressure while maintaining the temperature at ambient level 

(e.g., 0.99 MPa at 25°C), option two is to maintain atmospheric pressure while 

decreasing the temperature (-33°C) 178. Storage is mainly done through steel 

vessels, but ammonia can also be stored in underground caverns.  

Possible users 

Ammonia is mainly used in fertilizers (80%), explosives (5%) and other chemical 

applications (15%). Renewable ammonia could also be used within the energy 

sector. The ammonia value chain is well established worldwide, including 

regulations and well-known procedures, which is one of the reasons for it to be 

considered as a potential hydrogen storage option179.  

Ammonia as a storage medium for hydrogen is mainly used for large scale, long 

duration storage. The time horizon is often weeks to months (Figure 15), with 

periodic and seasonal storage being relevant use cases. Electrical storage (batteries) 

and chemical storage (such as ammonia) are the only relevant options when 

 
172 Andersson and Grönkvist, ”Large-Scale Storage of Hydrogen”. 
173https://ris.utwente.nl/ws/portalfiles/portal/276441453/Rouwenhorst_2021_Ammonia_production_tech

nologies.pdf 
174 M. Aziz et al., Ammonia as effective hydrogen storage: A review on production, storage and 

utilization, Energies, 2020, 13(12):3062. 
175 Zhang m.fl., ”Techno-Economic Comparison of Green Ammonia Production Processes”. 
176 G. Cinti et al., Coupling solid oxide electrolyzer (SOE) and ammonia production plant, Applied 

Energy, 2017, 192, 466-476. 
177 N. Campion et al., Techno-economic assessment of green ammonia production with different wind 

and solar potentials, Renewable and Sustainable Energy Reviews, 2023, 173:113057. 
178 Aziz, Wijayanta, och Nandiyanto, ”Ammonia as Effective Hydrogen Storage”. 
179 Aziz, Wijayanta, och Nandiyanto. 

 

https://ris.utwente.nl/ws/portalfiles/portal/276441453/Rouwenhorst_2021_Ammonia_production_technologies.pdf
https://ris.utwente.nl/ws/portalfiles/portal/276441453/Rouwenhorst_2021_Ammonia_production_technologies.pdf
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transportation of stored energy is needed. When it comes to batteries, they have 

significantly lower storage duration, lower storage capacity and energy density 

than chemical storage, leading to ammonia being a viable option for transportable 

energy storage.180   

 

 

Figure 15. : Comparison between hydrogen storage techniques and their capacity and duration. Source: 
Siemens 2017 181.  1) ETES: Electro-Thermal Energy Storage, 2) CAES: Compressed Air Energy Storage, 3) ACAES: 

Adiabatic Compressed Air Energy Storage. 

The capacity of ammonia storage ranges from 0.25 GWh (tanks) to ~300 GWh 

(underground caverns)182.  Ammonia is stored in pressurized tanks up to 1 500 

tons. For larger storage volumes, of up to 50 000 tons, ammonia is stored in 

insulated tanks at 1 bar and -33 °C.183  

After storage, the utilization of ammonia can either be direct, or the ammonia can 

be decomposed (cracking), so that the hydrogen can be used in different types of 

applications. Direct utilization is preferred from a round-trip system efficiency 

point of view.  

System efficiency 

In the analysis, an on-site system is examined excluding transportation of 

ammonia because transportation routes are highly dependent on the production 

site location and destination. The routes and transport have very different costs 

and a standard cost is impossible to present without using specific case scenarios. 

Besides, the transport efficiencies are very high, and the losses are marginal. 

Ammonia is deemed to be a relevant energy carrier in regional and global export 

and import, but the energy efficiency of the transportation needs to be further 

investigated.  

 
180 Aliaksei Patonia och Rahmat Poudineh, ”Ammonia as a Storage Solution for Future Decarbonized 

Energy Systems”. 
181 Siemens 2017, “Green Ammonia REFUEL Kickoff Meeting, August 17, Denver Elfriede Simon, CT 

REE STS”. Accessed at https://arpa-e.energy.gov/sites/default/files/04c%20Denver-Green%20Ammonia-

Siemens-final.pdf 2023-03-01  
182 Aliaksei Patonia och Rahmat Poudineh. 
183 Klerke m.fl., ”Ammonia for hydrogen storage”. 

https://arpa-e.energy.gov/sites/default/files/04c%20Denver-Green%20Ammonia-Siemens-final.pdf
https://arpa-e.energy.gov/sites/default/files/04c%20Denver-Green%20Ammonia-Siemens-final.pdf
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The energy efficiency of a conventional SMR-fed HB process is 60-66%184,185,186. The 

energy efficiency with electrolysis-based hydrogen production is 50-58% with 

current level of technological capabilities in water electrolysis187,188,189. However, it’s 

estimated that the energy efficiency increases to 67-75% in the future alongside 

improvements in electrolysis-based hydrogen production technologies190,191,192. 

The hydrogen extraction efficiency ranges widely from 60% (in which the 

hydrogen is released in gaseous phase ready for utilization after ammonia 

decomposition) to 75% (which includes ammonia cracking and hydrogen 

separation)193,194. This results in total efficiency of 34-45% for a green ammonia 

plant including hydrogen extraction. 

Green ammonia can be classified essentially as zero carbon footprint in contrast to 

brown ammonia195. In fact, a switch to renewable electricity utilization for 

ammonia production could save over 360 million tons of carbon dioxide 

worldwide196. Currently, the green ammonia has a larger energy requirement than 

brown ammonia but the difference in CO2 footprint should also be considered in 

the decision making of a plant concept (Figure 16). Besides, the energy requirement 

of green ammonia is expected to catch up with the conventional SMR-fed HB 

process in the near future. 

 

 
184 G. Thomas & G. Parks, Potential roles of ammonia in a hydrogen economy, U.S. Department of 

Energy, 2006. 
185 G. Soloveichik, Future of ammonia production: Improvement of Haber-Bosch process or 

electrochemical synthesis?, U.S. Department of Energy, 2017. 
186 C. Smith et al., Current and future role of Haber-Bosch ammonia in a carbon-free energy landscape, 

Energy Environ. Sci., 2020, 13, 331-344. 
187 S. Ghavam et al., Sustainable ammonia production processes, Frontiers in Energy Research, 2021, 

9:580808. 
188 S. Giddey et al., Ammonia as a Renewable Energy Transportation Media, ACS Sustainable Chemistry 

& Engineering. 
189 https://ease-storage.eu/wp-content/uploads/2018/09/2018.08_TVAC_WG1_TD-Power-to-

Ammonia.pdf 
190 C. Smith et al., Current and future role of Haber-Bosch ammonia in a carbon-free energy landscape, 

Energy Environ. Sci., 2020, 13, 331-344. 
191 M. Aziz et al., Energy-saving combination of N2 production, NH3 synthesis, and power generation, 

International Journal of Hydrogen Energy, 2017, 42:44, 27174-27183. 
192 N. Campion et al., Techno-economic assessment of green ammonia production with different wind 

and solar potentials, Renewable and Sustainable Energy Reviews, 2023, 173:113057. 
193 M. Aziz et al., Comparison of liquid hydrogen, methylcyclohexane and ammonia on energy 

efficiency and economy, Energy Procedia, 2019, 158, 4086-4091. 
194 S. Giddey et al., Ammonia as a Renewable Energy Transportation Media, ACS Sustainable Chemistry 

& Engineering. 
195 

https://ris.utwente.nl/ws/portalfiles/portal/276441453/Rouwenhorst_2021_Ammonia_production_techn

ologies.pdf 
196https://assets.new.siemens.com/siemens/assets/api/uuid:d37afbdb38cc8384fd7367f7bd15d5f9fc95eea6/

version:1560355025/siemens-green-ammonia.pdf 
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Figure 16. Energy requirement and CO2 Footprint of Brown Ammonia, Blue Ammonia and Green Ammonia 
based in the conventional high pressure ammonia synthesis loop. The best available technology (BAT) 
represents the BAT in the year 2020, whilst the potential represents the year 2050 197. 

System costs 

The process of ammonia production is highly energy intensive. The key cost 

components for green ammonia production are electricity, capital investment, and 

operations and maintenance. In case of a large-scale green ammonia plant, the 

major contributor in total production costs is the water electrolysis with a share of 

70% while the electricity used in HB process accounts for approximately 10%.198  

The energy demand for a green ammonia plant can be up to 12000-16000 kWh/tNH3 

whereas for a brown ammonia plant the energy demand is 9500 kWh/tNH3199. 

In the case of dehydrogenation and purification, ammonia requires much energy – 

as much as 13 percent of the hydrogen energy200. Therefore, a direct utilization of 

ammonia is comparatively much more energy efficient.  
  

 
197 Techno-Economic Challengens of Green Ammonia as an Energy Vector (K.H.R. Rouwenhorst , P.M. 

KRZYWDA , N.E BENES, G.MUL, L.LEFFERTS) 

https://ris.utwente.nl/ws/portalfiles/portal/276441453/Rouwenhorst_2021_Ammonia_production_techn

ologies.pdf  

198 A. Patonia & R. Poudineh, Ammonia as a storage solution for future decarbonized energy systems, 

2020. 
199 S. Ghavam et al., Sustainable ammonia production processes, Frontiers in Energy Research, 2021, 

9:580808. 
200 Aziz, Oda, och Kashiwagi, ”Comparison of Liquid Hydrogen, Methylcyclohexane and Ammonia on 

Energy Efficiency and Economy”. 

https://ris.utwente.nl/ws/portalfiles/portal/276441453/Rouwenhorst_2021_Ammonia_production_technologies.pdf
https://ris.utwente.nl/ws/portalfiles/portal/276441453/Rouwenhorst_2021_Ammonia_production_technologies.pdf
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A cost breakdown of a green ammonia plant is shown here below201: 

HB and air separation unit (ASU): 

 

• CAPEX HB: 510 €/kWH2 

• CAPEX ASU: 197 €/kWH2 

• OPEX HB & ASU: 2 %/a 

• Electricity demand (HB & ASU): 640 kWh/tNH3 

• Released heat: 722 kWh/tNH3 

• Conversion efficiency: 87% (ratio of the energy content of the produced 

ammonia to the energy content of the feed hydrogen) 

Storage tank: 

• CAPEX: 900 €/tNH3 

• OPEX: 5 %/a 

Cracking plant (difficult to give a clear number since there are no large-scale plants 

currently):  

• CAPEX: 3,58 M€/tNH3  

• OPEX: 4 %/a 

• Electricity demand: 400 kWh/tNH3 

• Efficiency: 79% 

System benefits 

Ammonia has several advantages which are listed below: 

• Large-scale storage capacity202 with potential of long storage times203. 

• Mature technological production, transportation, and storage processes. 

• Worldwide, well-established, value chain and infrastructure, as well as 

regulations and standards and educated personnel and experts. 

• Low storage cost compared to options such as liquid hydrogen204. Requires less 

energy for storage and transportation than hydrogen, due to its boiling point 

of 33.36 C, compared to -252.9 C for hydrogen205.  

• High volumetric and gravimetric density compared to many other storage 

options, such as liquid hydrogen and hydrogen gas. 

• Less flammable than hydrogen. 

 
201 Ammonia synthesis (Jonas Egerer, Veronika Grimm, Kiana Niazmand, Philipp Runge, The 

economics of global green ammonia trade – “Shipping Australian wind and sunshine to Germany”, 

Applied Energy 334 (2023). 
202 Aziz, Oda, och Kashiwagi, ”Comparison of Liquid Hydrogen, Methylcyclohexane and Ammonia on 

Energy Efficiency and Economy”. 
203 Miura och Tezuka, ”A Comparative Study of Ammonia Energy Systems as a Future Energy Carrier, 

with Particular Reference to Vehicle Use in Japan”. 
204 Aziz, Oda, och Kashiwagi, ”Comparison of Liquid Hydrogen, Methylcyclohexane and Ammonia on 

Energy Efficiency and Economy”. 
205 https://www.oxfordenergy.org/wpcms/wp-content/uploads/2020/11/Ammonia-as-a-storage-solution-

for-future-decarbonized-systems-EL-42.pdf 
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• Lower vapor pressure than hydrogen enables simpler design of storage tank 

for transportation206. 

• Possibility to use same ammonia being transported as fuel for the shipping by 

using a fuel cell. 

Examples/cases 

Green ammonia production is not yet fully established. However, there are 

ongoing pilot phases in many projects. For example, Australia has accelerated 

research and development programs for ammonia utilization to store the produced 

hydrogen by the country and then export it to other countries. Similar research 

motivation to push the adoption of ammonia has also been shown by the UK and 

Germany.207 

There are several ongoing projects to decarbonize existing ammonia plants but 

only a few “greenfield” projects. One of the ongoing greenfield projects is called 

REDDAP in Denmark. As such, the plant will be the first of its kind by utilizing 

solar and wind power to produce hydrogen which will subsequently be processed 

into ammonia. The plant with commercial scale of 10 MW of power is expected to 

be operational by 2023208.  

 

 

Figure 17. Green ammonia projects examples 209 
  

 
206 https://www.oxfordenergy.org/wpcms/wp-content/uploads/2020/11/Ammonia-as-a-storage-solution-

for-future-decarbonized-systems-EL-42.pdf 
207 https://www.iea-isgan.org/wp-content/uploads/2018/05/Presentations-CEM0-Side-Event-

Perspectives-on-Energy-Storage-Systems-2018-05-24-1.pdf 
208 https://stateofgreen.com/en/solutions/reddap-the-worlds-first-dynamic-green-ammonia-plant/tate of 

Green, REDDAP: The world’s first dynamic green ammonia plant 

209 https://www.iea-isgan.org/wp-content/uploads/2018/05/Presentations-CEM0-Side-Event-

Perspectives-on-Energy-Storage-Systems-2018-05-24-1.pdf 

https://www.iea-isgan.org/wp-content/uploads/2018/05/Presentations-CEM0-Side-Event-Perspectives-on-Energy-Storage-Systems-2018-05-24-1.pdf
https://www.iea-isgan.org/wp-content/uploads/2018/05/Presentations-CEM0-Side-Event-Perspectives-on-Energy-Storage-Systems-2018-05-24-1.pdf
https://www.iea-isgan.org/wp-content/uploads/2018/05/Presentations-CEM0-Side-Event-Perspectives-on-Energy-Storage-Systems-2018-05-24-1.pdf
https://www.iea-isgan.org/wp-content/uploads/2018/05/Presentations-CEM0-Side-Event-Perspectives-on-Energy-Storage-Systems-2018-05-24-1.pdf
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Risks 

There are some disadvantages related to the use of ammonia that are listed below: 

 

• Risk of explosion when mixed with air and exposed to high temperatures210. 

• Less flammable than hydrogen, which hinders burning and heat transfer211. 

• High NOx emission at combustion212. 

• High toxicity  

• Requires treatment due to toxicity and smell.213 Human exposure to 

concentrations over 50ppm produces irritation at different degrees from 

moderate to highly intense irritation (110ppm). Excessive lacrimation and 

irritation at 500ppm and reflex glottis closure at 570ppm. Higher 

concentrations lead to death.  

• Repeated exposure to ammonia creates olfactory fatigue which adversely 

affects the human detection level and creates higher risks for dangerous 

exposure. 

2.2.2 Liquid Organic Hydrogen Carrier (LOHC) 

System limits 

LOHC is a way to store hydrogen within oil-like materials. Pure hydrogen is 

delivered into a hydrogenation plant to “load” the oil-like LOHC-material, making 

it hydrogen-rich which is then stored and/or transported. When hydrogen is 

needed, a dehydrogenation plant is used to extract the hydrogen from the 

hydrogen-rich LOHC-material.  

The hydrogenation process releases heat, and the dehydrogenation process 

requires heat. The LOHC-material is not consumed or converted at the 

dehydrogenation plant and can therefore be reused for additional cycles. 

The system components included in this study will be from the hydrogenation 

plant to the dehydrogenation plant and assuming the same inlet/outlet conditions 

of the hydrogen, as illustrated in the image below. Note that the hydrogenation-, 

storage- and dehydrogenation plants do not need to be integrated or localized at 

the same location; they can all be separate.  

 
210 https://www.oxfordenergy.org/wpcms/wp-content/uploads/2020/11/Ammonia-as-a-storage-solution-

for-future-decarbonized-systems-EL-42.pdf 
211 https://www.oxfordenergy.org/wpcms/wp-content/uploads/2020/11/Ammonia-as-a-storage-solution-

for-future-decarbonized-systems-EL-42.pdf 
212 https://www.oxfordenergy.org/wpcms/wp-content/uploads/2020/11/Ammonia-as-a-storage-solution-

for-future-decarbonized-systems-EL-42.pdf 
213 Aziz, Oda, och Kashiwagi, ”Comparison of Liquid Hydrogen, Methylcyclohexane and Ammonia on 

Energy Efficiency and Economy”. 
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Figure 18. Illustration of the LOHC system. Storage can also be storage for transportation purposes and not just 
stationary 

The system limits are defined similarly as for all different storage types, but to 

limit the scope for this novel technology not all types of chemical substances will 

be discussed. There have been technoeconomic studies based on demonstration 

plants currently in operation and the substances there will be the focal point.  

Several materials can act as hydrogen carriers in the LOHC-process and the most 

studied and used in pilots is Dibenzyl-toluene (DBT). Other notable LOHC-

materials which is N-ethyl carbazole and Toluene/methylcyclohexane. However, 

only DBT will be discussed as a LOHC-material in this study since there is more 

data available. 

Currently the LOHC-materials are based on fossil-fuels, but they are capable of 

being generated with low carbon footprint methods with the use of biomass214. 

 

Figure 19. Dibenzyl-toulene (DBT), the most common LOHC-material 

 
214 B. Gieze, L., Reiff-Stephan, J., 2021, Hydrogen and Usability of  Hydrogen Storage Technologies 
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Possible users  

LOHC is most suitable for long distance transport and long-time storage of 

hydrogen. This is because the LOHC-material is always kept in liquid form and the 

hydrogen will therefore be kept within the material without losses during 

transportation and storage. For DBT the hydrogen storage capacity is 6,2 wt%.  

Studies also show that taking advantage of residual, waste or excess heat from 

other industrial processes to supply the dehydrogenation process makes for a more 

efficient system, therefore LOHC has possible synergies and usages within 

industrial processes215.  

System efficiency 

The hydrogenation is an exothermal process (releases 9 kWh heat/kg H2 for DBT) 

at 250 °C, 25-50 bar and requires small amounts of electric power, mainly for 

compressors and pumps. 

The actual storage of the hydrogen-rich DBT doesn’t have any energy needs. 

Traditional storage vessels, for example used to store diesel, can be used, which 

reduced the required infrastructure needs for LOHC to be established. 

The dehydrogenation is an endothermal process (requires 9 kWh heat/kg H2 for 

DBT) at 300 °C, 1-3 bar. Heat needs to be supplied to achieve the dehydrogenation 

process, it also requires small amounts of electric power for compressors and 

pumps. The electric power required is smaller than the amount of heat required. 

The system efficiency is dependent on the losses within system components, 

materials and how much energy that needs to be supplied to maintain the 

hydrogenation and dehydrogenation process. 

Losses within the system components and materials are around 1 % and is 

therefore not a considerable contributing factor towards system efficiency. These 

losses are mainly due to binding efficiency of the LOHC-material and efficiency 

within the industrial plants needed for the hydrogenation and dehydrogenation.  

Energy supply is the main factor that affect system efficiency. If heat can’t be 

recycled from the hydrogenation process or supplied from residual, waste or 

excess heat sources then studies show that the system efficiency is around 70 % 

(excluding transportation work). If heat can be recycled or supplied from a waste 

or excess heat source, the system efficiency can reach upwards 90 %216. 

Ways to increase system efficiency is mainly to utilize residual, waste or excess 

heat at the dehydrogenation plant. If the hydrogenation and dehydrogenation 

plant are at the same location, the heat released from the hydrogenation process 

can be used in the dehydrogenation process in an integrated heat system to 

increase system efficiency. 

 
215 Hurskainen, M., Ihonen, J. Techno-economic feasibility of road transport of hydrogen using liquid organic 

hydrogen carriers. 2020. 
216 Wang, H., Zhou, X., Ouyang, M. Efficiency analysis of novel Liquid Organic Hydrogen Carrier technology 

and comparison with high pressure storage pathway. 2016. 
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It's also possible to utilize released hydrogen from the dehydrogenation process as 

heat, by burning it, to provide heat to the dehydrogenation process. This reduces 

hydrogen output by approximately 26 %217 and does not increase system efficiency 

but might make the system more practical. 

System costs 

Cost of the LOHC system mainly vary with the installed power capacity of the 

hydrogenation and dehydrogenation plant. Which means that the higher the need 

is to load the LOHC-material with hydrogen, due to high hydrogen production, or 

to extract hydrogen from the LOHC-material, due to high hydrogen consumption, 

the higher the cost will be. The investment cost for the storage vessel for hydrogen-

rich LOHC-material is small in comparison. How large of a system that is needed 

depends on where it is to be used. 

• If there’s a lot of hydrogen production at a site, then a large LOHC 

hydrogenation plant and storage vessel(s) is needed 

• If there’s a lot of hydrogen consumption at a site, then a large LOHC 

dehydrogenation plant is needed 

There are no exact costs for the LOHC-system as it’s still a novel technology, but 

approximations have been made for the main system components below: 

Table 5 Approximate costs for a LOHC-system218. 

Parameter Value 

2,5 MW hydrogenation plant 0,5-2,3 M€ 

2,5 MW dehydrogenation plant 0,8-1,7 M€ 

10 MW hydrogenation plant 1,1-5,3 M€ 

10 MW dehydrogenation 1,4-4,0 M€ 

LOHC-material (DBT) 4 €/kg DBT 

Storage tank 5 €/kg H2 

 

Additionally, after each cycle of hydrogenation and dehydrogenation the DBT 

degrades by about 0,013 %, which means less hydrogen can be carried. It is 

therefore recommended to regenerate the DBT after 750 cycles219. This cost is 

unknown but is expected to be small in comparison to other operational costs. 

 
217 Andersson, S., Grönkvist, S. Large-scale storage of hydrogen. 2019 
218 Hurskainen, M., Ihonen, J. Techno-economic feasibility of road transport of hydrogen using liquid organic 

hydrogen carriers. 2020. 
219 VTT. Hydrogen supply and transportation using liquid organic hydrogen carriers (HySTOC). 2019. 
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If waste heat from adjacent industries can supply the dehydrogenation process, the 

cost of energy supply can be reduced by about 40 %220. 

System benefits 

Main benefits: 

• Conventional storage infrastructure used to store fossil fuels can be used to 

store hydrogen-rich LOHC-material. 

• No energy demand when hydrogen is stored within the LOHC-material. 

• No distribution losses from, for example, transportation. 

• LOHC contributes to higher hydrogen safety as the DBT with and without 

hydrogen carried is not flammable, toxic nor explosive. 

• Is applicable for both small and large-scale hydrogen storage. 

Main downsides: 

• Hydrogen needs to be extracted from the LOHC-material to be of use, which is 

a heat demanding process. 

• The hydrogen storage capacity for LOHC-materials is low (6,2 wt% for DBT) 

compared to other chemical storage methods. Which means additional 

transportation and storage cost due to additional mass and volume of the 

LOHC-material. 

• Plenty of LOHC-materials are unexplored and the current ones are based on 

fossil-fuels (but can be generated through biomass). 

Examples/cases 

Hydrogenious LOHC Technologies have projects in both Europe (Germany) and 

USA focusing on LOHC using DBT as LOHC-material.  

Risks 

No notable safety risks have been observed in previous studies done regarding 

LOHC, which is one of the main advantages with the LOHC-storage system. 

 
  

 
220 Hurskainen, M., Ihonen, J. Techno-economic feasibility of road transport of hydrogen using liquid organic 

hydrogen carriers. 2020. 
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2.3 FUTURE WORK FOR HYDROGEN STORAGE  

The technologies presented in this chapter are on different levels of development. 

Some technologies are more developed than others, but all storage technologies 

face challenges that have to be overcome through research and development. This 

section describes shortly the challenges that are being researched for the different 

storage technologies.  

High pressure storage 

When transporting and storing hydrogen in pipelines or in hydrogen tube trailers, 

compressed hydrogen storage is being widely used. The limiting factor is mainly 

the weight of the gas cylinders, therefore lighter material that can be used to store 

high pressure hydrogen are under development221. Another problem that is being 

researched is the heat transfer process during compression222. Composite 

degradation may take place and cause severe problems when the temperature rises 

inside the tank while the gas is being compressed. Research on high thermal 

conductivity materials is therefore ongoing to improve the heat transfer behaviour.  

Liquid hydrogen storage 

Liquid hydrogen storage is much more energy intensive then high-pressure gas 

storage223. The energy losses associated with liquid storage is about 25-40%, 

compared to the 10% energy loss for the compression of hydrogen. The high 

energy consumption required for liquid storage is related to the condensation of 

hydrogen, since this has to be done at cryogenic temperature due to hydrogen’s 

low boiling point (-240°C). A key goal for the development of cryogenic hydrogen 

storage is therefore to reduce the surface areas of the liquid to limit the heat flow 

from the surroundings, which in turn reduces the losses due to boil-off.  

Cryo-compressed hydrogen storage 

Cryo-compressed storage is an alternative that solves some of the problems of the 

high-pressure gas storage and the cryogenic storage223. The cryo-compressed 

storage results in a more compact storage then the high-pressure storage and less 

losses due to boil-off than the cryogenic storage. Furthermore, the cryo-

compressed storage requires less energy for compression compared to the high-

pressure gas storage due to lower pressure levels223. Problems related to the cryo-

compressed storage technology are associated with LH2 pump  

performance, vacuum stability, and manufacturability. Current efforts are directed 

at improving the volumetric efficiency.  

 
221 Rödl, A., Wulf, C., Kaltschmitt, M. Assessment of Selected Hydrogen Supply Chains—Factors Determining 

the Overall GHG Emissions. 2018. 

222 Zhang, J., Fisher T.S., Veeraraghavan Ramachandran, P., Gore, J.P., Mudawar, I. A Review of Heat 

Transfer Issues in Hydrogen Storage Technologies. 2005. 
223 Langmi, H.W., Engelbrecht, N., Modisha, P.M., Bessarabov, D. Electrochemical Power Sources: 

Fundamentals, Systems, and Applications. 2022. 
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Underground storage 

Underground storage can be done in porous media, salt caverns or engineered 

cavities223. However, the implementation of these types of hydrogen storage 

requires further research in order to take into account the technological, geological 

and economic issues. 

Chemical storage 

Chemical storage includes LOHC and absorption into metal, chemical and 

complex hydrides. Work related to metal hydrides are mainly focused on lowering 

cost, optimizing the operation temperature, and enhancing the thermal 

management of the system224.  

The main challenges related to storage via absorption is the lack of reversibility 

and the complex reaction to extract hydrogen223. Storage by absorption involves 

binding atomic hydrogen chemically. This results in a high storage capacity, but 

the uptake and release kinetics are slow and requires high temperature that in turn 

results in irreversible uptake for the material. Research is therefore being done to 

enhance thermodynamics and kinetics of hydrogen uptake and release, as well as 

improve cyclability of the storage material. 

Adsorption 

Instead of absorption storage, hydrogen can be stored via physical adsorption in 

porous materials such as metal-organic frameworks or carbon materials. Physical 

adsorption presents several advantages over absorption-based storage225. 

Advantages being fast adsorption/desorption kinetics, complete reversibility, and 

high stability over many cycles. The low interaction energy leads to that problems 

with thermal management can be avoided. However, physical adsorption of 

hydrogen is still in early stages of research and far away from large scale 

commercialization. This is mainly due to that the filling time is low compared to 

the storage capacity.  

Conclusion 

The most developed technologies among the different technologies presented, are 

the high-pressure gas storage and the liquid hydrogen storage223. The main 

drawbacks are the large volumes required for high pressure storage and the high 

energy demand and boil-off rates related to liquid hydrogen storage. A solution is 

the cryo-compressed storage, which combines the two ideas. This is, however, still 

in an early stage of development.  

The adsorption technologies require improvement in operating temperature and 

storage capacity, while the absorption technologies require improvement in 

thermodynamic and kinetic properties in order to increase uptake and release.  

 
224 Moradi, R., Growth, K.M. Hydrogen storage and delivery: Review of the state of the art technologies and risk 

and reliability analysis. 2019. 
225 Marnellos, G.E., Athanasiou, C., Makridis, S.S., Kikkinides, E.S. Integration of Hydrogen Energy 

Technologies in Autonomous Power Systems. In: Hydrogen-based Autonomous Power Systems. 2008. 



 
 

61  

 

 

 

In conclusion, the different hydrogen storage technologies that are presented in 

this chapter have different advantages and disadvantages and there will, most 

likely, not be one type of storage that fits all systems. Some technologies are more 

developed than others, but all technologies are facing challenges that need to be 

solved through research and development. 
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3 Work Package 3: Regulations, standards, 
and permits requirements for the different 
storage alternatives  

3.1 INTRODUCTION 

In Sweden there are three important regulatory instances that are to be considered 

in terms of permit, environmental impact, and safety: 

• Environmental Code (1998:808) 

• The act (1999:381) on preventing and delimiting the consequences of major 

chemical accidents, Seveso 

• The act (2010:1011) on handling flammable and explosive goods 

This regulatory framework handles an important perspective when identifying key 

aspects of the permit process.  

3.1.1 Regulations 

Environmental Code (1998:808) 

The Swedish Environmental Code was adopted in 1998 and entered into force 1st of 

January 1999. The rules contained within 15 acts have been amalgamated in the 

Code. As many similar rules in previous statutes have been replaced with common 

rules, the number of provisions has been reduced. The Environmental Code is 

nonetheless a major piece of legislation. The Code contains 33 chapters comprising 

almost 500 sections. However, it is only the fundamental environmental rules that 

are included in the Environmental Code. More detailed provisions are laid down 

in ordinances made by the Government. 

The act (1999:381) on preventing and delimiting the consequences of major chemical accidents, 

Seveso 

Seveso establishments are divided into upper-tier establishments and lower-tier 

establishments. This depends on the nature and on the amount of dangerous 

substances present in the establishment. The tier of the establishment determines 

the legal obligations the establishment or the authorities must meet. 

The act (2010:1011) on handling of flammable and explosive goods 

Flammable goods include flammable liquids, flammable gases, and certain 

specially designated readily combustible goods. Professional or other handling of 

large amounts of flammable goods requires a permit. Handling refers, for example, 

to manufacturing, processing, treatment, packaging, storage, internal 

transportation, usage, destruction, and sale.  

For all handling of flammable goods requiring permits, one or more managers 

must be appointed. A manager is the person who, as delegated by the responsible 

permit holder, works to ensure that the handling complies with the applicable 

regulations and within the limits of the permit. The manager must be well 
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acquainted with the risks associated with the handling and must have a sound 

knowledge of the flammable goods that are handled and of the applicable 

legislation. 

3.1.2 Permits 

The need for permits depends on the storage volume, if the storage is above or 

underground and on production capacity. With respect to early phases of the 

project one must consider the Environmental Code and Seveso legislation. If the 

production capacity exceeds 1500 MWh/year or maximal volume storage is 50 tons, 

there is need for an integrated environmental and Seveso permit. Regardless of 

volume, an integrated environmental permit is mandatory if the storage is under 

ground, since groundwater management always require a permit.  

Integrated Environmental Permit 

The activities or operations for which permits are compulsory are specified either 

in the Environmental Code or in ordinances issued under the Code. Based on their 

typical environmental impact, environmentally hazardous activities are divided 

into three main categories: i) A activities, which cover all activities with a 

significant environmental impact, ii) B activities, which are of a lesser scope and/or 

have less environmental impact, but still require a permit, and iii) C activities, 

which do not require a permit, but fall under a specific notification regime. 

Timing  

Before any construction works can begin an integrated environmental permit must 

be in place. For estimated time from application to granted permit, please see 

“Permit Application” with supporting Figure 20. 

Permit issuer 

For permitting and notification procedures, the Code divides competence between 

the Land and Environment Courts and the regional and local authorities.  

The Permit authorities are the Land and Environment Courts and the 

Environmental Permitting Committees (EPC), the latter being a special branch of 

the County Administrative Board (CAB). Permits for A activities are granted by the 

Land and Environment Courts. Permits for B activities are granted by the EPC.  

As set out above, C activities are not subject to permit requirements, but they are 

covered by a mandatory notification regime. This means that the operator must 

notify the local Environmental and Public Health Committee (EPHC) in the 

relevant municipality before it commences the activity in question. The EPHC may 

decide to require precautionary measures to be taken as conditions for carrying out 

such activities. For hydrogen storage this option is very rare and will not be further 

covered in this report.  

Permit application  

The permit application process steps are shown in Figure 20, starting from 

screening and project start (step 1) to the final step of receiving a permit with 
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conditions (step 9). In general, an applicant should expect steps 1-3 to take 6-9 

months and steps 4-9 to take 6-12 months.  

 

Figure 20. The process to an integrated environmental permit. Time estimates for step 1-3: 6-9 months, step 4-
9: 6-12 months. 

 

Public Consultation 

At this stage, the public consultation process begins. A public consultation paper is 

developed as a comprehensive description of which activities are applied for, 

demarcation, preliminary environmental assessment, and content in future EIA. 

The document is customized so that it also serves as the basis for the EIA itself. 

At this stage the applicant consults with the County Administrative Board, the 

municipality, and local residents (local residents also includes nearby activities). 

The aim of this consultation process is to inform stakeholders about the measures 

envisaged and to seek the views of the various stakeholders on the proposal for 

demarcation and the need for additional EIA investigations. 

Other governmental authorities, the municipality, the public and any organisations 

likely to be affected are also consulted.  

Preparation of the EIA, Technical description, and EIA investigations 

In parallel with the consultation process, the necessary baseline investigations are 

taking place and work on EIA, technical description and other documents is 

underway. The key EIA studies included in this scope of work is likely to be: 

• Environmental noise survey 

• Risk assessments Seveso 

• Energy efficiency  

Additional EIA surveys may be deemed necessary, following discussions during 

the consultation phase. 
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Submission to the Land and Environment court or the County Administrative 

Board. The entire application including EIA and other necessary attachments is 

submitted in both printed copies and digitally. 

Review of application and completion - Additions and amendments 

The Land and Environmental Court or the County Administrative Board will 

handle the application and will usually send it to other authorities for review. A 

list of desired additions will then be compiled. It is a way of ensuring that the 

Environmental Court or County Administrative Board will receive all the 

information they need to make a decision.  

The supplementary requests can look very different depending on the expertise 

and background of the administrator. Most often they do not carry out major 

investigations and the response comes in the form of a memorandum.  

Public Notice 

The submission of the application is announced in the local media. 

Feedback - Referral and response 

The Land and Environmental Court/ County Administrative Board will circulate 

the application to various authorities, who have the opportunity to make 

comments. Often, proposals are made for additional or adjusted conditions. Other 

stakeholders will also have the opportunity to comment on the application.  

Once the referral has been received, the applicant will have the chance to respond.  

Court hearing, negotiation, and court decision 

The Land and Environmental Court/ County Administrative Board will process the 

application and convene a hearing where the parties are given the opportunity to 

present the whole background to the requested terms and conditions.226 

The act (1999:381) on preventing and delimit the consequences of major chemical accidents, 

Seveso 

Legislation 

As mentioned previously, Seveso establishments are divided into upper-tier 

establishments and lower-tier establishments. This depends on the nature and the 

volume of dangerous substances present in the establishment. 

The tier of the establishment determines the legal obligations the establishment or 

the authorities must meet. When applying for an integrated environmental permit, 

the Seveso documentation is included in the application.  

 

 
226 The Land and Environmental Court almost always convene a hearing. It is less common for the 

County Administrative Board to do so. 
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Table 6. Obligations for Seveso establishments 

Obligation Lower tier Upper tier 

Draw up and implement a prevention policy for 
major accidents at the company 

X X 

Draw up a notification to the authorities X X 

Implement an efficient safety policy X X 

Draw up a safety report  X 

Draw up an internal emergency plan for the 
company 

X X 

Draw up an external emergency plan (drawn up 
by the governor) 

 X 

Prevention information to citizens X X 

 
Safety report 

A safety report shall describe the activity and its risks as well as the preventive and 

mitigation measures taken to achieve safe operations.  

The level of documentation in the safety report shall be proportionate to the 

nature, size, risks, and complexity of the business. It is the operator's full 

responsibility to ensure that the conditions described in the safety report are 

followed in daily operations. 

According to Section 9 of the Seveso Regulation, the safety report must contain the 

following: 

• An indication of who prepared the report. 

• Major-accident prevention policy (MAPP) for the prevention of serious 

chemical accidents in accordance with Section 8 of the Seveso Act. 

• An internal plan for rescue operations in accordance with Section 12 of the 

Seveso Act. 

• A report on the consultation carried out under Section 13 of the Seveso Act. 

• Basis for the municipality's plan for rescue operations set out in Chapter 3, 

Section 6 of the Ordinance (2003:789) on protection against accidents. 

• An indication of the stocks and the dangerous substances present or likely to 

be present there. 

• The safety report shall also contain the data and information set out in Annex 3 

to the Seveso Regulation. 

Annex 3 to the Seveso Regulation includes more detailed instructions for 

information to be included in the safety report:  

1) Information on how the management system and organisation of the establishment 

are designed to prevent serious chemical accidents. This should be in relation to 

further details of elements indicated in Annex 3. 

2) Description of the environment of the business which shall include: 

a) A description of the establishment and its surroundings, including 

geographical location, meteorological, geological, and hydrological data and, 

where appropriate, its history. 
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b) Identification of installations and other activities of the establishment likely to 

give rise to a major chemical accident. 

c) Identification of nearby establishments, areas and projects that could be the 

source of or that could increase the risk or consequences of a serious chemical 

accident that has impacts on the environment. 

Description of the areas where a major chemical accident may occur.  

3) Description of the establishment to include: 

a) The sources of risk of serious chemical accidents and the circumstances in 

which a major chemical accident may occur, together with a description of the 

preventive measures taken. 

b) A description of the processes. 

c) Description of dangerous substances containing: 

i) A list of dangerous substances, including the identification of hazardous 

substances (chemical name, CAS number and IUPAC nomenclature 

designation), and the maximum quantity of the substance or substances 

present or likely to be present. 

ii) Physical, chemical, and toxicological properties and indication of the 

hazards, both immediate and long-term, to human health and the 

environment. 

iii) Physical or chemical behaviour under normal conditions of use or under 

conditions in which accidents are foreseeable. 

4) Accident risk identification and analysis and preventive measures which shall 

include: 

a) A detailed description of possible scenarios for major chemical accidents and 

the likelihood of such, in particular: 

i) Operational reasons, 

ii) External causes, areas and projects that could give rise to or increase the 

risk or consequences of a serious chemical accident, 

iii) Natural causes, such as earthquakes or floods. 

b) An assessment of the extent and severity of the consequences of the identified 

major chemical accidents. 

c) A review of past accidents and incidents with the same substances and 

processes, and consideration of lessons learned. 

d) A description of the technical parameters and the equipment used to ensure 

the safety of the installation. 

5) Protective measures and measures to limit the consequences of a major chemical 

accident which shall include: 

a) Description of the equipment installed at the installation to limit the 

consequences of major chemical accidents. 

b) Emergency and rescue organisation. 

c) Description of available internal and external resources. 

d) Description of any technical and non-technical measures relevant to mitigate 

the consequences of a major chemical accident. 

 

The act (2010:1011) on handling of flammable and explosive goods 

Timing 

The permit needs to be granted before any flammable goods is produced or stored 

at the establishment. The municipal rescue department usually needs 8 weeks to 
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grant a standard permit. However, hydrogen storage is a fairly new concept, and 

the local municipal rescue departments usually consult the Swedish Civil 

Contingency Agency resulting in an estimated time frame of 6 months.  

Permit issuer and supervision 

The Municipal Rescue Service is the permit issuer and the supervisory authority. 

Requirements 

To be granted a permit, depending on the activity, the premises or facility must be 

suitably adapted or equipped from a fire safety point of view among other things.  

The installation of the facility can begin after you have received the permit from 

the municipality. When the facility is finished, it must be inspected by the 

municipality before it can be taken into operation, i.e., before any flammable goods 

are brought into the facility.  

The inspection checks that the facility has been built in accordance with the 

documentation provided in the application, that it is complete, and that it complies 

with the legal requirements. 

How to apply 

The application is sent to the local rescue department in the municipality.  

The following documents are to be enclosed with the application: 

• Drawings 

• Blueprint/Map of the facility area and adjacent areas 

• Description of the work process 

• Technical description 

• Certification of inspection of tanks 

 
One can most often apply for this permit electronically. 

3.2 RISKS ASSOCIATED WITH HYDROGEN STORAGE 

One important parameter to consider when discussing storage of large amounts of 

hydrogen is the possible major hazards that can occur from an accidental event 

and the possible effects on the surroundings.  

The European Commission has gathered data from both primary and secondary 

sources worldwide on hydrogen incidents and accidents, where from the 

documented data found, there have been 163 events worldwide between 2014 and 

2023227. These events are categorised in terms type of event, physical effect and 

nature of consequence in Figure 21, Figure 22, and Figure 23 respectively. Only 

one of these events were from stationary hydrogen storage (not including 

hydrogen storage at refuelling stations), where a hydrogen components 

 
227 EUROPA - MINERVA Home Page - European Commission - HIADPT 

https://minerva.jrc.ec.europa.eu/en/shorturl/capri/hiadpt
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manufacturer reported an explosion of a hydrogen tank during testing in 2023. The 

likely cause was over-pressure due to an incorrect connection of a compressed air 

hose. 

Furthermore, looking at the figures show that nearly half of the incidents led to 

hydrogen release and ignition, a third of the events lead to no hydrogen release, 

half of the events lead to either an explosion or fire, and a third of the events were 

near misses. The events documented in the database are both from traditional use 

of hydrogen (such as hydrogen fire in a chemical plant) and consequences from the 

new hydrogen industry (such as leakage at a hydrogen refilling station). The latter 

notably includes an event in 2019 in Norway where a major leak (of between 1.5 

and 3 kg of hydrogen) of a high-pressure storage tank led to an explosion. Root 

cause investigation found two untighten bolts securing the gasket between the 

tank and the pipeline228. This eventually led to the gasket fatiguing after 2 years of 

experiencing pressure fluctuations during refuelling, where pressures reached 900 

bar. Furthermore, the monitoring system was not programmed to detect leaks from 

abnormal pressure loss in the high-pressure tank. This installation error luckily 

only led to light injuries for two drivers and has resulted in new procedures by the 

manufacturer to ensure this does not happen in the future.  

As the new hydrogen industry grows, it becomes increasingly more important to 

document, learn from and implement changes from all hydrogen accidents and 

incidents worldwide to ensure safe handling and minimising injuries and, more 

importantly, fatalities. From the documented events in the Hydrogen Accidents 

and Incidents Databased (HAID), there have between 2014 and 2023 been 52 

fatalities (of which 32 have been in the People Republic of China) and 91 injuries228.  

 
228 EUROPA - MINERVA Home Page - European Commission - HIADPT 

https://minerva.jrc.ec.europa.eu/en/shorturl/capri/hiadpt
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Figure 21. Hydrogen events per application type 2014-2023, data retrieved from HAID229. 

 

Figure 22. Classification of physical effect of hydrogen event 2014-2023, data retrieved from HAID229. 

 
229 EUROPA - MINERVA Home Page - European Commission - HIADPT 
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Figure 23.Nature of consequences of hydrogen event 2014-2023, data retrieved from HAID229. 

As already discussed in this document, there are different methods of storing 

hydrogen, which can lead to different risks, where explosion is highlighted in 

Figure 23, to have been 25% of the consequences from events recorded worldwide 

between 2024 and 2023. Compared to other flammable gases such as hydrocarbons, 

hydrogen is recognised by its low density, low ignition energy, wide flammability 

range and potential explosiveness230. Being one eighth of the density of methane, 

the low density makes hydrogen more buoyant and if released the gas cloud will 

have a tendency to move upwards. This physical effect should be used to avoid 

build-up of flammable concentrations. The ignition energy required to ignite a 

flammable gas cloud of hydrogen is a tenth of what is required to ignite a 

hydrocarbon gas cloud. The flammable concentration of a hydrogen air mixture 

expands from 4% to 75% hydrogen. In comparison, natural gas is flammable in 

concentration ranges from 5% to 15%. Thus, the ignition probability increases with 

hydrogen231. The graph in Figure 24 illustrates the burning velocity of hydrogen 

compared to other flammable gases. The flame speed indicates the severity of 

explosion, and a higher burning velocity intensify the explosion pressure. As can 

be seen at higher concentrations, hydrogen has a much higher burning velocity 

than other gases. However, below 15% concentration it is no worse than natural 

gas232.  

 
230 MarHySafe JDP Phase 1, Handbook for Hydrogen-fuelled Vessels,, 1st Edition, 2021-06 

 
231 DNV, Hydrogen Forecast to 2050, 2022 
232 MarHySafe JDP Phase 1, Handbook for Hydrogen-fuelled Vessels, 1st Edition, 2021-06 
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Figure 24. Burning velocity of different fuels232 

The sequence of a hydrogen accidental event, as illustrated Figure 25, is a 

hydrogen release that ignites and results in an explosion, flash fire or jet fire event. 

Table 7 gives a description of the possible outcomes. 
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Table 7 Consequence of a hydrogen accidental event 

Consequence Description 

Explosions Damaging pressures can be generated in gas explosions by two primary 

means: confinement and congestion.  

During confinement of the gas cloud, combustion produces hot 

combustion products that would normally expand due to the increase in 

temperature but are unable to do this due to the confinement. Thus, the 

pressure increases, continuing until the confining structure fails.  

The presence of congestion in the form of pipework, vessels and support 

structures. Here the expansion of the combustion products generates 

flow and the interaction of the flow field with the congestions produces a 

flame area that enhance the combustion rate and increases the flow 

speeds. Ultimately this leads to turbulent flow around the congestion 

and the turbulence increases the combustion rate further. This process 

can lead to continuous flame acceleration and high flame speeds will 

generate damaging pressures.  

Due to the extreme reactivity of hydrogen gas, detonation is a probable 

outcome through a process described as deflagration to detonation 

transition (DDT) that can occur in gas explosions. Deflagration require 

confinement or congestion to generate pressure, however if the 

deflagration is intense enough, then a transition to detonation can occur. 

A detonation involves a leading 20 bar shock wave that compresses the 

fuel air mixture to a point where it auto-ignites. The resulting 

combustion provides the energy to maintain the shock wave.  

Flashfire A gas leak that is not ignited instantly but develops to a cloud of flammable gas. 
The gas cloud ignites by exposure of an ignition source. The area exposed by 
the gas cloud will also be exposed by the fire (including people). 

Jet Fire A jet fire usually occurs in the event when the hydrogen gas release is 
immediately ignited. 

 

 

Figure 25. Sequence of a hydrogen accidental event 
 

If the differences of hydrogen compared to other fuels are considered in the design, 

construction and operation with high focus on ignition control, dilution and 

containment, hydrogen can be used as safely as any other fuel233. In Chapter 3.5 

risk mitigation and safety barriers will be further discussed. The following 

 
233 Pritchard, Rattigan, HSE, Hazards of liquid hydrogen, 2010 
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chapters will describe the different risks associated with different types of storage 

of hydrogen.  

3.2.1 Compressed Hydrogen 

Pressure vessels (high to medium pressure) 

In atmospheric conditions hydrogen is a light gas occupying large volumes. To be 

able to store and transport hydrogen, the volume must be reduced234. By 

compressing the hydrogen gas to higher pressures, it can be stored under these 

conditions in gaseous form. The pressure of the storage vessels impacts the size of 

the tanks and the volumes stored. Large storage entities (tens of thousands of 

tonnes of hydrogen) do normally not exceed 100 bar due to the operational 

(compression) and material cost. The relatively low density of the gas at this 

pressure, leads to large storage volumes235.  For high pressure cylinders the 

pressure can vary between 350-700 bar236.  The vessels are equipped with pressure 

relief valves and/or thermal relief valves on top/bottom of the tank237. The high-

pressure tanks are normally stored in tank batteries with several high-pressure 

cylinders close together. Storage of hydrogen under high pressure (>100bar) pose a 

risk to the surroundings and different safety aspects, specifically related to 

containment, leak sources and high pressures should be considered. 

In case of a leak from a single storage tank, the total amount of gas contained 

within the tank may be released to the surrounding. As described earlier, the 

flammable range of hydrogen is very wide, thus if exposed to ignition sources the 

probability of ignition is very high. The low density of hydrogen may however 

improve conditions if leak location (flanges, connection points etc.) is located at 

elevations where it can rise and disperse away from potential ignition sources.  

Storing the hydrogen in segregated cylinders limits the amount of hydrogen 

released to the atmosphere in case of a leak as the available hydrogen volume is 

limited to one cylinder. However, each valve per cylinder represents a potential 

leakage source compared to configurations with larger amounts of hydrogen 

stored in single vessels. Hence, a rack of cylinders will have more leak sources and 

thereby higher leak frequency compared to a single vessel, but lower consequence 

in the case of a leak. Locating high-risk leakage sources at higher altitudes limits 

the probability of accumulation of flammable hydrogen gas in the congested area 

between the tanks. An explosion between storage tanks could result in breach of 

neighbouring cylinders and release larger volumes of hydrogen.  

High pressures also increase the risk for tank rupture causing explosions. High-

pressure cylinders can suddenly break and cause a powerful pressure wave, and 

subsequently the gas cloud can ignite resulting in a flash fire with potential 

explosion.  According to DNV Technical Note 14 the leak frequency of rupture for 

 
234 https://energies.airliquide.com/resources-planet-hydrogen/how-hydrogen-stored 
235 Andersson, Grönkvist, Large-scale storage of hydrogen, 29.03.2019 
236 https://www.energy.gov/eere/fuelcells/hydrogen-storage 
237 https://h2tools.org/bestpractices/storage-vessels 
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a double walled isolated tank for LNG storage tank is 1E-08238. To compare the 

frequency of a pipe system with 10 flanges of 25 mm included is in the range 8E-04 

(with reference to the HCRD database). Due to the similarity in failure mechanisms 

for a hydrogen and LNG storage tank it is assumed that similar range of difference 

between a hydrogen storage tank and flange size for hydrogen containing system. 

Based on this a hydrogen storage tank catastrophic rupture scenario is regarded as 

unlikely due to design requirements.  

Hydrogen pipelines (medium to low pressure) 

Transport by pipelines is the most cost-effective way of transporting large volumes 

of hydrogen over long distances239. The risks related to transportation of flammable 

fuels by pipelines are well known due to the extensive pipeline system in place for 

transportation of oil and gas. Thus, several safety measures can be adapted. 

However, as described in the beginning of this chapter, some additional 

considerations must also be evaluated to account for the nature of hydrogen and 

different behaviour from other fuels. 

For onshore pipelines transporting natural gas today, the distance between valves 

that enable segregation of segments and volumes in case of an accidental event or 

during maintenance, ranges between 8km and 30km240. The pressure in a hydrogen 

pipeline could typically range from 30-80bar. Thus, in case of a leak, substantial 

volumes with flammable potential could be released.  

To avoid high concentrations of flammable hydrogen to build up in case of a leak, 

leakage points such as flanges and valves should be located in naturally ventilated 

areas. Possible leakage sources should, to the largest extent possible, be located in 

areas with little activity e.g. avoiding human interaction and road traffic. This is to 

limit the potential of exposure from human activities that could lead to an 

accidental event (gas leak) or subsequent exposure to ignition sources. If a leak 

should occur along the pipeline route, fast detection and following response to 

limit amount of gas released is essential to reduce the probable consequence of an 

event.  

As discussed in the introduction to this chapter the ignition energy of hydrogen is 

lower than for hydrocarbons at certain concentrations. According to the Joint 

Industry Project H2Pipe241, led by DNV, this may have implications for what needs 

to be considered as an ignition source and thus the distance to possible ignition 

sources must be carefully evaluated.  In areas where the pipeline has to be routed 

through inhabited areas, proper strategies for protection of the pipeline should be 

considered. 

Due to the more adverse explosion effects for hydrogen, the impact radius of a 

hydrogen pipeline can be longer than for pipelines transporting hydrocarbons.  

Thus, the pipeline routing should be assessed to ensure safe distance to 3rd party.  

 
238 DNV, Technical Note 14: process equipment failure frequencies, rev.3, 20-12-2006.  
239 DNV, Hydrogen Forecast to 2050, 2022 
240 Enagás, Energinet, Fluxys Belgium, Gasunie, GRTgaz, NET4GAS, OGE, ONTRAS, Snam, Swedegas, 

Teréga. European Hydrogen Backbone, july 2020 
241 https://www.dnv.com/article/transportation-of-hydrogen-gas-in-offshore-pipelines-h2pipe-213006 
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For pipelines transporting hydrogen over longer distances some parts might be 

necessary to bury below ground e.g. due to road passings etc. When the pipeline is 

below ground other risk aspects needs to be considered. The condition of the 

pipeline is not as easily monitored as when the pipeline is located above ground. 

thus defects, corrosion or other weaknesses that can lead to hazardous situations 

may not be revealed in time for preventive maintenance and accidents may occur. 

This could develop into a major accident. Thus, pipeline monitoring with proper 

detection systems is important to implement on these passages to identify possible 

events. Pipe-in-pipe systems is also a mitigating measure to ensure that the 

annulus volume can be vented to safe area in case of containment. 

Lined rock caverns (high pressure) 

As described in chapter 1.3.3 lined rock caverns allow the storage of gas at much 

higher pressures than those of other types of caverns. Testing in Grängesberg, 

Sweden between 1989 and 1993 saw successful storage of gas at over 50 MPa242, 

and pilot storage operations commenced at the Skallen gas storage facility in 

Sweden from 2002, followed by commercial operation a few years later243. The 

higher pressure is achieved through the design of the cavern which transfers the 

stress from the steel lining to the surrounding rock mass. The risks associated with 

lined rock caverns mainly fall under the design and construction phases, with safe 

operation relying on these. 

The depth of the cavern needs to be taken into consideration based on the design 

pressure of the cavern and the vertical resisting forces of the overburden. If the 

uplift pressure from the cavern exceeds this resisting force, then global failure of 

the rock mass will occur. However, this major failure would need to be preceded 

by a rupture of the steel lining which would allow the gas pressure to load the 

surrounding rock sufficiently to cause a large, one-time deformation of it. If the 

cavern is not sufficiently deep, this can be caused by low-cycle fatigue of the steel 

where the influence of the free ground surface can enlarge the strain range in the 

steel244. 

If the cavern is situated deep enough, then low-cycle fatigue can also play a role, as 

well as structural issues with weaknesses in the rock mass, concrete, welds, or pipe 

lead-throughs. Corrosion could also play a role here. Key measures to prevent such 

failures include thorough testing of welds, concrete, steel, and lead-through pipes 

before and during construction as any flaws in these components will cause stress 

distribution to be uneven across the steel lining, increasing the risk of leakage or 

failure245. 

 
242 Stille, H., Johansson, J., & Sturk, R. (1994, April 4). High pressure storage of gas in lined shallow rock 

caverns - Results from field tests. Rock Mechanics in Petroleum Engineering. https://doi.org/10.2118/28115-

MS 
243 Jan Johansson, Naturgasteknik AB, Storage of highly compressed gases in underground Lined Rock Caverns 

– More than 10 years of experience, 2014 
244 Johansson, F., Spross, J., Damasceno, D., Johansson, J., Stille, H. KTH Division of soil and rock 

mechanics. Investigation of research needs regarding the storage of hydrogen gas in lined rock caverns. 2018. 
245 Johansson, F., Spross, J., Damasceno, D., Johansson, J., Stille, H. KTH Division of soil and rock 

mechanics. Investigation of research needs regarding the storage of hydrogen gas in lined rock caverns. 2018. 



 
 

77  

 

 

 

During construction the risks are like that of any excavation in hard rock and 

require rigorous assessment of the rock conditions in the subsurface. If the rock is 

heavily jointed, there could be issues of rock stability and so rock support should 

be implemented in the form of rock bolts for larger blocks with shotcrete used to 

reinforce the smaller blocks between. Spalling is an indicator of stress in the rock 

and rock burst incidents can occur if stress is too high. Support is required to 

prevent these issues, and an understanding of the stresses in the rock prior to and 

during construction are key to determining the support types and amount 

required. Rock support should enable the rock mass to be self-supporting rather 

than a structure supporting a passive rock mass and should be included as part of 

the detailed design phase of a project246. 

To understand the rock mass fully and adjust cavern design accordingly, a 

contractor will investigate the area where the cavern is to be built and perform in-

situ mapping, probe drilling, Lugeon tests (these establish the hydraulic 

conductivity of the rock mass), and stress measurements, before selecting the ideal 

exact location and depth for the cavern247. 

The drainage system is a key safety component of the cavern in all stages of its 

lifetime. During construction it can be used to drain groundwater, during 

operation it can be used to regulate groundwater pressure and prevent it 

damaging the steel lining when the cavern pressure is low, and during operation it 

has the ability to detect, collect, and evacuate leakages of gas. It is composed of a 

rhombic pattern of sub-vertical perforated drainage pipes with 1 to 2 metres 

spacing covering the wall of the cavern with ring shaped gas collector pipes at the 

top and bottom of the cavern. The gas collectors are connected to several large gas 

evacuation pipes that lead to the service and are the pathway for gas to escape in 

the case of a leakage. If the cavern is excavated in rock with a lot of water flow, 

pre-grouting of the rock mass in the cavern may be required during 

construction248. 

Liquified Hydrogen Storage (Cryogenic) 

Pure hydrogen can either be stored as compressed gas, as handled in chapter 1.3.1 

or in liquid form. At atmospheric pressure hydrogen have an extremely low 

boiling point of -253˚C, thus the liquification process is quite energy intensive249. In 

addition to the general risks of hydrogen mentioned earlier in 3.2 hazards related 

to temperature and density is yielding for hydrogen in liquid format compared to 

other hydrocarbon gases249.  

The low boiling point of hydrogen makes the boil off gas from liquified storage 

particularly challenging. When liquid hydrogen is converted to gaseous state the 

volume (m3) will expand by approximately 845 to 1 in atmospheric conditions. To 

 
246 Norwegian Tunnelling Society. (2016). Norwegian Rock Caverns - PUBLICATION NO. 25. 

https://nff.no/wp-content/uploads/sites/2/2020/04/Publication-25.pdf 
247 Norwegian Tunnelling Society. (2016). Norwegian Rock Caverns - PUBLICATION NO. 25. 

https://nff.no/wp-content/uploads/sites/2/2020/04/Publication-25.pdf 
248 Johansson, F., Spross, J., Damasceno, D., Johansson, J., Stille, H. KTH Division of soil and rock 

mechanics. Investigation of research needs regarding the storage of hydrogen gas in lined rock caverns. 2018. 
249 Andersson, Grönkvist, Large-scale storage of hydrogen, 29.03.2019 
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avoid increased pressures in the storage tank, pressure relief system must be 

installed to release the vaporised gas to atmosphere250.  

Like Liquified Natural Gas (LNG) liquified hydrogen is a cryogenic compound. 

However, unlike LNG the significant lower temperature of hydrogen can solidify 

air. There are several risks related to this behaviour. If air ingress to tank should 

occur solid air could lead to plugging of pipes and valves. The reduced air volume 

could also create vacuum and provide room for more air to enter. To avoid large 

amounts of solidified air to displace the liquid hydrogen a positive pressure should 

be maintained within the tank250. 

Experiments show that mix of liquified hydrogen and liquid/solid air have the 

potential to explode251. During evaporation of liquid hydrogen, the air will be 

cooled down and become denser. Thus, compared to gaseous hydrogen at ambient 

temperatures, the liquid hydrogen air mixture will be less buoyant249. 

Consequently, ignition sources at lower altitudes may be exposed. Thus, the 

location of the release location should be ensured to route the gas to safe 

environment.   

In case of pool formation of liquid hydrogen from a leak, the evaporation of the 

pool would occur quicker than for a pool of LNG under the same conditions for 

heat transfer, however the pool will be colder. If the pool should be located in a 

confined space or an area with congestion with insufficient ventilation conditions 

the expansion of hydrogen during evaporation may lead to fast pressure build 

up252. This effect needs to be considered in the configuration of the storage tanks to 

ensure sufficient ventilation conditions. 

Similar to LNG the low temperature in a liquid hydrogen release has the potential 

to give severe burns when in contact with skin. This is also the case for the boil off 

gas253. 

3.2.2 Liquid/hydrogen storage in chemical hydrides 

LOHC 

LOHC is a way of storing hydrogen in a chemical bond. The characteristics, such as 

flammability, flashpoint and boiling point, are dependent on the chemical 

composition and thus also the risk related to the compound. As described in 

chapter 2.2.2 the most common LOHC- material in use is Dibenzyl-toluene (DBT). 

Thus, the risk discussed in this chapter will be related to this compound. 

The DBT composition is a colourless/yellow substance in liquid form at 

atmospheric conditions. The boiling point is above 250˚C and can self-ignite at 

500˚C254. Thus, the flammability is very limited. 

 
250 Pritchard, Rattigan, HSE, Hazards of liquid hydrogen, 2010 
251 DNV, Hydrogen Forecast to 2050, 2022 
252 MarHySafe JDP Phase 1, Handbook for Hydrogen-fuelled Vessels,, 1st Edition, 2021-06 
253 Pritchard, Rattigan, Hazards of liquid hydrogen, 2010 
254 Arkema, GPS Safety Summary, 10.02.2013 
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If inhaled in gaseous form the gas can cause breathing difficulties, however there 

are not registered long term effects. In liquid state the substance can be fatal if 

exposed to bronchi. Exposure to skin may cause skin irritation. 

DBT has a low solubility in water and due to the low volatility release in air is 

expected to be limited. 

Anhydrous Ammonia 

Ammonia is an attractive hydrogen carrier with a hydrogen storage density of 

17.7%255. The density of ammonia results in less volume required to store the same 

amount of energy compared to hydrogen (both liquid and compressed). The 

boiling point of ammonia is at -33.3˚C and thus, at ambient temperature at 

moderate pressure, it can be handled as a liquid259. Anhydrous ammonia have a 

density lighter than air, however, when released, it will react with the moisture in 

air and form a cold white fog with density that is a higher than air. This behaviour 

prevents ammonia from raising and thus leak detection and ventilation system 

should be designed accordingly. 

In atmospheric conditions the medium is a colourless, toxic gas with a sharp 

odour. The main risks associated with ammonia is related to toxicity, flammability 

and lowered temperatures.  

When mixed with gas/air, ammonia forms an explosive mixture with a Lower 

Flammable Limit (LFL) of 15% (ammonia in air) and an Upper Flammable Limit 

(UFL) of 28%256. However, when mixed with oil (depending on concentration and 

conditions) concentrations down to 8% LEL have been recorded257. Compared to 

natural gas with lower flammability, lower energy intensity (Energy intensity for 

propane - 0.5mJ, and for Ammonia – 8mJ)  and twice the burning velocity 

(compared to ammonia)258 the requirements for explosion protection are less 

severe259. 

Ammonia is detected by humans due to the strong odour at concentrations as low 

as 5ppm. 259. Depending on dose, duration and type of work determine the level 

people may be exposed and exposure to very high concentrations of ammonia can, 

to the worst extent, result in lung damage and death. 260. Ammonia is most 

commonly absorbed into the body through inhalation, eye and skin contact and 

may result in skin and eye damage/blindness 259. If considerable amounts of 

ammonia are stored on a site, a release from such storage is expected to pose the 

 
255 Andersson, Grönkvist, Large-scale storage of hydrogen, 29.03.2019 
256 Centers for Disease Control and Prevention, 

https://www.cdc.gov/niosh/ershdb/emergencyresponsecard_29750013.html, visited 28.02.2023 
257 D.L. Fenton, K.S. Chapman, R.D. Kelley, A.S. Khan, “Operation characteristics of a flare/oxidizer for 

the disposal of ammonia from an industrial refrigeration facility”, Annual meeting of the American 

Society of Heating, Refrigeration and Air-Conditioning Engineers, Inc. (ASHRAE), USA, 1995. 
258 F.JVerkamp, M.C. Hardin, J.R. Williams, “Ammonia combustion properties and performance in gas-turbine 

burners”, 1967 
259 R. Paddappayil, J. Borger, Ammonia Toxicity, National Library of Medicine, 11.03.20230 
260 Centers for Disease Control and Prevention, 

https://www.cdc.gov/niosh/topics/ammonia/default.html, visited 28.02.2023 

https://www.cdc.gov/niosh/ershdb/emergencyresponsecard_29750013.html
https://www.cdc.gov/niosh/topics/ammonia/default.html
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largest hazard for the surrounding environment and can impact residential areas 

nearby, depending on distance to facility/storage location.   

In addition, ammonia is considered dangerous for the aquatic environment if 

sufficient amounts are released (solved) in water. Unlike other forms of nitrogen, 

with possibility of causing nutrient over-enrichment of water and indirect can 

affect aquatic life, ammonia directly cause toxic effects. When sufficient levels of 

ammonia are present in water, organisms are not able to sort out the toxicant and 

the amounts builds up. With sufficient concentrations within the organism the 

consequence may be death. Environmental conditions such as pH and temperature 

can affect the toxicity. According to EPA the acute toxicity limit for fish in 

freshwater is approximately 17 ppm (dependent on PH and temperature)261. By 

comparison concentrations at when ammonia is immediately harmful to life and 

health for people is 300 ppm259. 

Methanol 

Methanol is a colourless, volatile and flammable liquid that is toxic for humans262. 

Methanol is an effective hydrogen carrier with high density of 99kg H2/m3 in liquid 

form at ambient conditions263.  

The flammability range of methanol expands from 6 % to 36% by volume when 

mixed with air264 and the flash point of pure methanol is at 12˚C. Thus, compared 

to the flammability of natural gas methanol may ignite in a wider flammability 

range and similar mitigating measures as for hydrogen is applicable. Methanol 

vapour is slightly heavier than air and thus will travel along the ground before 

exposing an ignition source and a following flash fire. When ignited, methanol 

burns with a clear blue flame and is difficult to identify in daylight265. 

The flammability of methanol allows for static electricity to ignite it. Thus, when 

potential for static electricity, grounding and bonding should always be applied for 

all equipment265. 

Storage of methanol should be kept in a cool and dry area. Methanol vapour can 

ignite and burn inside the tank vapour space, thus inert gas pad with floating 

internal roof should be installed to minimise vapour formation266. It is higher 

probability for methanol fires to occur than gasoline fires within the tank freeboard 

space when liquid temperature is near or above the methanol flash point264. 

Methanol is a conductive polar solvent that can cause corrosion to some metal and 

plastics266. Thus, cathodic protection, and regular inspections of tanks is important 

to avoid failure264.   

During loading of tank, vapour is emitted through the tank vent to atmosphere. A 

potential flammable and toxic gas cloud may form in the surrounding air. This can 

 
261 EPA, Aquatic Life Ambient Water Quality Criteria for Ammonia – Freshwater (2013), August 2013 
262 https://www.chemicalsafetyfacts.org/chemicals/methanol/, 06.03.2023 
263 Andersson, Krüger, Grönkvist, Methanol as a carrier of hydrogen and carbon in fossil-free production of 

direct reduced iron, 2020 
264 Methanol Institute, Methanol Safe Handling, Technical Bulletin: Atmospheric Above Ground Tank 

Storage of Methanol, 06.2016 
265 Methanol Institute, Methanol Safe Handling Manual, 10.2008 
266 https://abovegroundfuelstoragetanks.com/2011/06/06/methanol-storage/, 16.03.2023 

https://www.chemicalsafetyfacts.org/chemicals/methanol/
https://abovegroundfuelstoragetanks.com/2011/06/06/methanol-storage/
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be mitigated through location of potential ignition sources or by removing air from 

tank vapour space through inert gas or gas blanketing264. The atmospheric vent of 

the storage tank should be sized for fire-heated emergency release265. 

Methanol is a toxic medium and worst-case exposure may lead to blindness and 

death. Symptoms of exposure are typically 8-36 hours delayed and may be 

identified through irritating eyes, skin (dry and cracked skin) and bronchiae265.  

In addition, methanol is soluble in water and can remain in vapour form for 18 

days before broken down. Due to the volatility, methanol can travel quite long 

distances and enter groundwater. Exposure to environment may cause death of 

animals, birds and fish, it may also reduce the growth rate of plants267. 

3.3 STORAGE CONFIGURATION  

Hydrogen faces the challenge of low energy density, which can result in large 

footprint for storage. As the world moves towards energy transition and further 

implementing renewable energy, the challenge of energy storage increases, 

especially at large-scale. The storage requirements will vary depending on whether 

hydrogen is stored as a pure form or using a liquid hydrogen carrier. Hydrogen in 

pure form can either be pressurised or liquified to reduce the storage footprint, 

where liquified hydrogen has a higher energy density than compressed hydrogen. 

However, more energy is required to liquefy hydrogen compared to compression. 

For example, hydrogen compression up to 700 bar requires approximately 6.0 

kWh/kg H2268, meanwhile liquefaction of hydrogen is in the range of 10-13 kWh/kg 

H2269. Additionally, safety requirements change for liquified hydrogen, where 

hydrogen leakage in compressed form is generally dissipated quickly, while it 

freezes the surrounding air when in liquid form270. 

As mentioned for pressurised hydrogen, there are both above- and below-ground 

solutions. Above-ground pressure vessel can store hydrogen at medium to high 

pressure, where pressures up to 750 bar are not uncommon. For below-ground 

solutions, hydrogen pipelines (medium to low pressure) and lined rock caverns 

(high pressure) are possible alternatives. Although higher pressures will allow 

larger quantities of gaseous hydrogen to be stored, it will also impact safety aspects 

(such as minimum distance).  

Additionally, storage solutions will differ if the end-product stored is not 

pressurised hydrogen but a hydrogen carrier such as ammonia of liquid organic 

hydrogen carrier (LOHC). If the energy carrier is ammonia, then it is either stored 

as liquid at low pressures or at 1 bar and -33˚C in cryogenic tanks. This results in 

lower storage (and transport) costs when using ammonia as a hydrogen carrier, 

however it might not be a feasible solution if the desired end-product is hydrogen 

due to high costs and energy requirements for ammonia cracking back to 

 
267 Australien government: Department of Climate Change, Energy, the Environment and Water, 

https://www.dcceew.gov.au/environment/protection/npi/substances/fact-sheets/methanol, 16.03.2023 
268 https://doi.org/10.1533/9780857097422.1.117 
269 DOE Hydrogen and Fuel Cells Program Record 9013: Energy requirements for hydrogen gas 

compression and liquefaction as related to vehicle storage needs 
270 Hydrogen Forecast to 2050, DNV, 2022 

https://www.dcceew.gov.au/environment/protection/npi/substances/fact-sheets/methanol
https://www.hydrogen.energy.gov/pdfs/9013_energy_requirements_for_hydrogen_gas_compression.pdf
https://www.hydrogen.energy.gov/pdfs/9013_energy_requirements_for_hydrogen_gas_compression.pdf
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hydrogen271. LOHC is stored in liquid hydrocarbon tanks. For LOHC, less energy is 

required compared to ammonia to get hydrogen as an end-product. However, the 

gravimetric hydrogen density is 50-70% lower than for ammonia. 

The type of hydrogen storage used will depend on the requirements of the 

demand. Factors such as capacity, injectability, energy intensity, safety, costs, 

location, end-product demand, and response time need to be considered. These 

will then furthermore decide whether a centralised or decentralised storage 

solution is required, which will furthermore impact safety distances and handling.  

3.3.1 Centralised vs. decentralised storage configuration 

The following table illustrates a general overview of advantages and 

disadvantages between some centralised and decentralised hydrogen storage 

solutions272.  
  

 
271 Hydrogen Forecast to 2050, DNV, 2022 
272 Hydrogen Forecast to 2050, DNV, 2022 
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Table 8. Comparison of centralised vs decentralised storage 

Hydrogen 
storage option 

Centralised/ 
Decentralised 

Hazard/ 
Toxicity 

TRL Response/ 
turnaround time 

Pressure vessel Centralised Medium High Fast response 
(minutes) 

Decentralised 

Hydrogen 
pipelines 

Centralised Low-medium High Fast response 
(instant) 

Lined rock 
cavern 

Centralised Low Medium Slow response 

Liquid 
hydrogen 

Centralised High Low Fast response (1 
hour) 

Decentralised 

Ammonia Centralised High Medium Medium 
response (>4 
hours) Decentralised 

LOHC Centralised Low Low Medium 
response (>4 
hours) Decentralised 

Methanol Centralised High Low Medium 
response (>4 
hours) 

 

Centralised storage has the benefits of storing hydrogen at large scale which can be 

located in industrial areas with a set safety procedure for alert and evacuation. In 

addition, it limits risks of source of ignition for external parties (such as nearby 

traffic).  

However, larger volumes increase the consequences and the risk. The increase of 

risk is due to the potential for severe consequences and increased ignition 

probability. Centralised storage also requires further transportation of hydrogen as 

the storage facility is not directly at the location of demand, leading both to further 

costs but also risks involved with hydrogen transport. This could either be via road 

transport or pipelines, where large volumes and/or larger distances would likely 

result in pipelines being the most viable option. Furthermore, the large volumes 

associated with centralised hydrogen storage increases the importance of 

containment and ignitions source control strategy.  

Centralised underground hydrogen storage solutions offer the benefits of reduced 

land footprint with high storage capacity and shorter safety distances. However, if 

using mined caverns, then impermeable layer is required to prohibit hydrogen gas 

to leak, increasing costs. Further research is also needed to understand the 

chemical reaction that can occur between the material used for the impermeable 

layer and the hydrogen gas273. 

 
273 https://doi.org/10.1016/B978-1-78242-364-5.00012-9 
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With decentralised hydrogen storage, the product is closer to the end user, unless 

the end user is at the same industrial site of the centralised storage solution.  

The possible complexity added with transport is also significantly reduced. A 

decentralised solution allows for smaller quantities of hydrogen storage reducing 

the risks involved with storing hydrogen at large-scale.  That being said, the risks 

involved with leakage could still be higher as the storage facility is closer to 

society, increasing the required safety measures. 

One important parameter to consider is how storage of gaseous hydrogen affects 

its surroundings with respect to the properties of hydrogen, as stated above. 

Hydrogen has properties that increases the likelihood of leakage and ignition 

which can cause major effects on its surroundings. Under the right (wrong) 

conditions hydrogen can cause detonation or DDT (detonation deflagration 

transition) that could have lethal effects several hundred meters from its source 

because of the pressure profile, splinters and throwaway pieces.  

If hydrogen is pressurised, a leakage can transition into a jet flame. The storage 

pressure will depend on factors such as the size of storage, centralised or 

decentralised solution, and the demand profile. The higher the pressure, the longer 

the maximum distance for the jet flame. This combined with a larger diameter of 

the leakage point can result in a jet flame reaching >100 m and adding up to a 

significant leak. Hence, an important consideration when deciding on storage 

configuration and minimising risk of a leak. Safety distances for gaseous and liquid 

hydrogen storage is explained in further detail in the next section. 

Since hydrogen is a light molecule the dispersion into air happens fast, and even 

though the spread of combustible hydrogen cloud theoretically can spread several 

kilometres, this is not very likely. The dispersion happens fast as well as the rising 

force on the molecule also delimits its potential to spread and ignite elsewhere.  

3.4 SAFETY DISTANCES FOR HYDROGEN STORAGE 

Safety distances have been obtained by evaluating the consequences of hydrogen 

release in gas and liquid form. The following releases of hydrogen have been 

included: Continuous release from 10 mm hole and Instantaneous release of 0,1 

ton, 1 tonne and 10 ton. The safety distances have been evaluated using 

simulations in EFFECTS software. Releases could be smaller or larger than the 

representative releases included, mainly depending on the size and pressure of 

tanks and pipes. Dimensioning release scenarios and consequence distances should 

be evaluated from case to case. These estimated safety distances should only be 

used as a guideline for the range within which the safety distances may fall for 

different storage volumes. 

3.4.1 Gas form storage up to 700bar 

3.4.1.1 Continuous release 

This section presents consequence calculations for a continuous release of gaseous 

hydrogen. The initial scenario consists of a continuous horizontal jet release which 
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is then ignited directly forming a jet flame or ignited later as a vapour cloud 

explosion (VCE). 

The hazards associated with a jet flame are thermal radiation and high 

temperatures. The flammable cloud poses a risk due to a delayed ignition of the 

cloud given high enough concentrations, with thermal radiation from a gas fireball 

and pressure effects from a detonation as the indirect hazards.  

Neither the jet flame itself nor its thermal radiation or temperature zones change 

with the amount of volume or mass of the stored hydrogen. Instead, different 

amounts only affect the time length of the release. On the other hand, the pressure 

and hole size have a large impact on the jet flame distribution.  

In the table below, the maximum distances of the jet flame length, its radiation 

zones, temperature zones274, and flammable concentrations are presented for a 10 

mm hole. The jet flame resulting from a 10 mm hole at 700 bar is seen in Figure 26. 

 
Table 9. Maximum distances of jet flame length, radiation zones, temperature zones and flammable 
concentrations for 10 mm hole diameter. 

 10 mm hole diameter 

Consequence 350 bar, maximum 
distance (m) 

700 bar, maximum 
distance (m) 

Length of flame  12 16 

Radiation 32 kW/m2 13 18 

Radiation 15 kW/m2 14 19 

Radiation 6 kW/m2 17 22 

Temperature 309 °C 

 

52 

 

73275 

Temperature 115 °C 

 

81 

 

110276 

 

Flammable concentration H2 42 68 

 
Wind influences the behaviour of the hydrogen release. Different wind speeds 

have been examined, to identify those required for achieving maximum distances 

of consequences. A comparison between high and low wind speed can be seen in 

Figure 27. 

The heat radiation zones of a jet flame yield their maximum distance at a low wind 

speed (2 m/s), while the flammable concentration levels of a hydrogen cloud yield 

their maximum distance at high speeds (8 m/s), assuming the same atmospheric 

 
274 Based on Runefors, 2023 Förslag till skyddsavstånd för vätgasinstallationer (Eng: Proposal for protective 

distance for hydrogen installations) 
275 Based on release at 1000 bar in Runefors, 2023 Förslag till skyddsavstånd för vätgasinstallationer (Eng: 

Proposal for protective distance for hydrogen installations)  
276 Based on release at 1000 bar in Runefors, 2023 Förslag till skyddsavstånd för vätgasinstallationer (Eng: 

Proposal for protective distance for hydrogen installations)  
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turbulence in both instances. At low wind speeds, the strong buoyancy forces of 

hydrogen result in quick dispersion to low concentration. 

Higher wind speeds can occur, but the probability of such conditions, in 

combination with an uncontrolled release, is deemed to be low.  

 
Figure 26. The jet flame in red, and its surrounding heat radiation levels for a 10 mm hole in a 700-bar tank. 
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Figure 27. Comparison between gas cloud dispersion from a 10 mm hole at 700 bar during low wind speeds (2 
m/s, left) and high wind speeds (8 m/s, right). 
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3.4.1.2 Instantaneous release 

This section presents consequence calculations for an instantaneous release of 

gaseous hydrogen. Hazards covered are detonation, fireball, with direct or delayed 

ignition. Consequence calculations have been made for release scenarios of 0,1 

tonne, 1 tonne and 10 tonnes.  

Explosion 

In this scenario, an instantaneous release is followed by direct ignition, resulting in 

an explosion with pressure hazards. All hydrogen stored in the tank is assumed to 

be released and combusted in a detonation explosion. This assumption is 

equivalent to the worst-case release scenario, since all combustible energy partakes 

in the process and the hydrogen has still not been dispersed in the atmosphere 

below flammable levels. In most cases, an explosion will not involve all the 

hydrogen released, and when combusted will be in the form of deflagration rather 

than detonation, yielding lower pressure effects from the subsonic flame 

propagation. The lower limit for mortal injuries is specified to coincide with the 1 

% lethality distance. Calculations are made for 0.1, 1 and 10 tonnes.  

Table 10. Detonation consequences of 0.1-ton hydrogen 

Detonation – 0.1 tonne  

Consequence 

Maximum 
consequence radius 

Pressure reference  

Direct mortal injury due to overpressure  
(1 % lethality) 

27 m 180 kPa277 

Irreparable damage to buildings,  
> 50 % of load bearing walls are destroyed. 
Collapse of some buildings.  

56 m 40 kPa278 

Major damage to buildings.  
Partial roof failure. 
Failure of some load bearing walls. 

97 m 17 kPa279 

Indirect mortal injury due to glass 
breakage  
(1 % lethality) 

158 m 9 kPa280 

 

 

 

 

   

 
277 Försvarets Forskningsanstalt (FOA), Vådautsläpp av brandfarliga och giftiga gaser och vätskor, Metod för 

bedömning av risker, 1998. 
278 Center for Chemical Process Safety, Guidelines for Evaluating the Characteristics of Vapour Cloud 

Explosions, Flash Fires, and BLEVEs Appendix B, 1994. 
279 Center for Chemical Process Safety, Guidelines for Evaluating the Characteristics of Vapour Cloud 

Explosions, Flash Fires, and BLEVEs Appendix B, 1994. 
280

 P. Kummer, Glass Breakage and Injury - Yet Another New Model?, 2004. 
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Table 11. Detonation consequences of 1 ton hydrogen. 

Detonation – 1 tonne  

Consequence 

Maximum 
consequence radius 

Pressure reference  

Direct mortal injury due to overpressure  
(1 % lethality) 

58 m 180 kPa281 

Irreparable damage to buildings,  
> 50 % of load bearing walls are destroyed. 
Collapse of some buildings.  

121 m 40 kPa282 

Major damage to buildings.  
Partial roof failure. 
Failure of some load bearing walls. 

208 m 17 kPa283 

Indirect mortal injury due to glass 
breakage  
(1 % lethality) 

341 m 9 kPa284 

 

 
Table 12. Detonation consequences of 10 tonnes hydrogen. 

Detonation – 10 tonnes 

Consequence 

Maximum 
consequence radius 

Pressure reference  

Direct mortal injury due to overpressure  
(1 % lethality) 

126 m 180 kPa285 

Irreparable damage to buildings,  
> 50 % of load bearing walls are destroyed. 
Collapse of some buildings.  

260 m 40 kPa286 

Major damage to buildings.  
Partial roof failure. 
Failure of some load bearing walls. 

448 m 17 kPa287 

Indirect mortal injury due to glass 
breakage  
(1 % lethality) 

735 m 9 kPa288 

 

 
281 Försvarets Forskningsanstalt (FOA), Vådautsläpp av brandfarliga och giftiga gaser och vätskor, Metod för 

bedömning av risker, 1998. 
282 Center for Chemical Process Safety, Guidelines for Evaluating the Characteristics of Vapour Cloud 

Explosions, Flash Fires, and BLEVEs Appendix B, 1994. 
283 Center for Chemical Process Safety, Guidelines for Evaluating the Characteristics of Vapour Cloud 

Explosions, Flash Fires, and BLEVEs Appendix B, 1994. 
284

 P. Kummer, Glass Breakage and Injury - Yet Another New Model?, 2004. 

 
285 Försvarets Forskningsanstalt (FOA), Vådautsläpp av brandfarliga och giftiga gaser och vätskor, Metod för 

bedömning av risker, 1998. 
286 Center for Chemical Process Safety, Guidelines for Evaluating the Characteristics of Vapour Cloud 

Explosions, Flash Fires, and BLEVEs Appendix B, 1994. 
287 Center for Chemical Process Safety, Guidelines for Evaluating the Characteristics of Vapour Cloud 

Explosions, Flash Fires, and BLEVEs Appendix B, 1994. 
288 P. Kummer, Glass Breakage and Injury - Yet Another New Model?, 2004. 
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Gas fireball and delayed ignition 

In this section, heat radiation levels of direct-ignited gas fireballs and delayed 

ignition of flammable clouds are analysed. 

The horizontal distance from release point to flammable concentrations are 

calculated at a height of 5 metres to provide a conservative estimation of the 

distance length. Concentrations at this height are still assumed to affect 

individuals. The distance increase with altitude as seen in Figure 28, due to the 

buoyancy forces and rising behaviour of hydrogen.   

A gas fireball scenario occurs fast, meaning that heat radiation effects are only 

present for a short time (between 4 and 20 seconds). This is unlike the jet flame, 

where heat radiation effects might be present for several minutes.  

As with the explosion scenario, the amount of hydrogen, rather than storage 

pressure, influences the fireball and dispersion behaviours. Pressure differences 

are therefore not examined.  Atmospheric effects are not seen to have any 

significant influence on the fireball scenario.  

For flammable cloud dispersion, a conservative wind speed of 8 m/s have been 

assumed, yielding increased maximum dispersion distances.  

 
Table 13. Consequences of gas fireballs and delayed ignition of flammable clouds. 

Hydrogen mass Consequence Maximum distance 

0.1 tonne Fireball, radiation: 32 kW/m2 17 m 

Fireball, radiation: 15 kW/m2 25 m 

Flammable concentration  86 m 

1 tonne Fireball, radiation: 32 kW/m2 32 m 

Fireball, radiation: 15 kW/m2 51 m 

Flammable concentration  173 m 

10 tonnes 

 

Fireball, radiation: 32 kW/m2 61 m 

Fireball, radiation: 15 kW/m2 102 m 

Flammable concentration  312 m 

 
 



 
 

91  

 

 

 

 
Figure 28. The plume sideview of a flammable cloud being dispersed following an instantaneous release of 10 
tonnes of hydrogen. 

3.4.2 Liquid storage 

3.4.2.1 Continuous release 

This section presents consequence calculations for a continuous release of 

cryogenic liquid hydrogen. Following a release of liquefied hydrogen, the gas 

vaporizes fast. The initial scenario consists of a tank rupture, followed by a 

continuous horizontal jet release of liquefied hydrogen, which is then ignited 

directly forming a jet flame, or ignited later as a VCE.  

Similar to the gaseous release, neither the jet flame itself nor its thermal radiation 

zones change with the volume or mass of the stored hydrogen. Instead, different 

quantities only affect the release time. For cryogenic liquid hydrogen, the pressure 

inside the tank is set to the vapour pressure of hydrogen at -245 °C, leaving hole 

size as the variable with the largest impact on the size of the jet flame and heat 

radiation zones. 

For flammable cloud dispersion, a wind speed of 8 m/s was used in computations 

to yield the longest distances, while for the jet flame, a wind speed of 2 m/s 

resulted in the longest distances. As reasoned earlier in this paper, stronger winds 

might occur, but the probability of such conditions, in combination with an 

uncontrolled release, is deemed to be low.  

The resulting distances to heat radiation levels and flammable concentrations are 

seen below, and the side view of a jet flame from a 10 mm hole can be seen in 

Figure 29. 



 
 

92  

 

 

 

Table 14. Heat radiation levels and flammable concentrations for 10 mm hole diameter from a tank containing 
1 ton of hydrogen. 

Liquid hydrogen Wind speed 10 mm hole diameter,  
maximum distance 

Length of flame  2 m/s 21 m 

Radiation 32 kW/m2 2 m/s 24 m 

Radiation 15 kW/m2 2 m/s 27 m 

Radiation 6 kW/m2 2 m/s 31 m 

Flammable concentration  8 m/s 24 m 

 

 
Figure 29. The jet flame in red, and its surrounding heat radiation levels for a 10 mm hole in a cryogenic liquid 
hydrogen tank containing 1 ton of hydrogen.  
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3.4.2.2 Instantaneous release 

This section presents consequence calculations for an instantaneous release of 

cryogenic liquid hydrogen. When liquid hydrogen is released, it vaporizes almost 

instantly, but a short-lived pool fire or BLEVE might occur. The relevant scenarios 

for an instantaneous release are then explosion, pool fire, BLEVE, and delayed 

ignition of a flammable gas cloud (VCE). 

3.4.2.2.1 Explosion (detonation) 

In this scenario, an instantaneous release is followed by direct ignition, resulting in 

an explosion with pressure hazards. All hydrogen stored in the tank is assumed to 

be released and combusted in a detonation explosion. The consequences are 

equivalent to the gas explosion, and the reader is directed to tables in the gaseous 

explosion scenario for distance calculations.  

3.4.2.2.2 Pool fire 

In this scenario, a short-lived pool fire occurs when a large amount of liquid 

hydrogen amasses on the ground. The duration of the pool fire depends on the 

amount of hydrogen and the surface area of the pool. A large surface area yields 

faster combustion given the same amount of hydrogen, and a large amount of 

hydrogen yields longer combustion given the same surface area. The surface area 

is dependent on natural or constructed walls. Radiation levels from pool fires are 

in turn mainly affected by the size of the pool. 

In the tables below, the distance of various heat radiation levels for three different 

surface areas are presented, followed by the pool fire duration for different 

amounts of hydrogen using three different surface areas.  

 
Table 15. Distance of various heat radiation levels for different surface areas 

 Maximum distance from centre 

Pool fire 

Heat radiation level 

Pool area: 400 m2 Pool area: 800 m2 Pool area: 1200 m2 

Radiation 32 kW/m2 23 m 30 m 32 m 

Radiation 15 kW/m2 38 m 50 m 59 m 

Radiation 6 kW/m2 64 m 84 m 98 m 

 
Table 16. Pool fire duration for different amounts of hydrogen and different surface areas. A pool fire with 0,1 
tonne of hydrogen is not included since it may only form a small and very short-lived pool.  

 Duration 

Pool fire 

Hydrogen mass 

Pool area: 400 m2 Pool area: 800 m2 Pool area: 1200 
m2 

1 tonne 5,3 s 2,6 s 2,2 s 

10 tonnes 53 s 26 s 18 s 
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3.4.2.2.3 BLEVE and delayed ignition 

This scenario covers the BLEVE (Boiling Liquid Expanding Vapour Explosion), and 

indirect ignition of a flammable cloud resulting from an instantaneous release of 

liquid hydrogen. The topology of the fireball and horizontal distance to heat 

radiation levels are presented for the BLEVE. The distance to flammable 

concentrations is calculated at a height of 5 m, where it is deemed to still affects 

individuals at ground level. At larger heights, the flammable cloud covers more 

horizontal distance as seen in the green contour in Figure 30, due to the strong 

buoyancy forces of hydrogen.  

A BLEVE produces both strong heat radiation as well as overpressure effects. 

However, the overpressure effects stemming from a BLEVE are not as strong as 

those from a complete detonation scenario, and the BLEVE scenario is therefore 

limited to heat radiation effects. Since the BLEVE is a short-lived phenomenon, the 

significance of lower heat radiation levels is reduced, and only 32 and 15 kW/m2-

level are shown in the table below.  

 
Table 17. BLEVE consequences at different hydrogen quantities. 

Hydrogen mass Consequence Maximum distance  

0.1 tonne BLEVE fireball, radiation 32 kW/m2 15 m 

BLEVE fireball, radiation 15 kW/m2 24 m 

Flammable concentration 54 m 

1 tonne BLEVE fireball, radiation 32 kW/m2 29 m 

BLEVE fireball, radiation 15 kW/m2 49 m 

Flammable concentration 200m 

10 tonnes 

 

BLEVE fireball, radiation 32 kW/m2 58 m 

BLEVE fireball, radiation 15 kW/m2 101 m 

Flammable concentration 244 m 

 

Conservative estimations are made regarding atmospheric conditions to achieve 

the worst probable scenario. As a comparison in Figure 30, a hydrogen release in 

stability class F and wind speed 2 m/s, is illustrated together with a release in 

stability class D and wind speed 8 m/s. The dispersion distances in the table above 

are calculated using stability class D and wind speed 8 m/s.  

The BLEVE fireball is independent of atmospheric conditions.  
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Figure 30. Dispersion from a 1 tonne cryogenic liquid hydrogen tank of a flammable cloud, illustrated using the 
lower concentration limit. The green contour corresponds to a wind speed of 2 m/s, and the purple to 8 m/s.  

3.5 RISK MITIGATION AND SAFETY BARRIERS  

 
The risk mitigation and safety barriers could be divided in preventing measures 

and mitigating measures. Preventing measures reduces the probability of risk-

scenarios while mitigating measures reduce the consequence if a risk-scenario 

occurs. 

3.5.1 Preventive measures  

Usage of right materials and ensuring that pipes, valves and other instrumentation 

is sealed tight are important to reduce the probability of leakage. The materials 

used should not be susceptible against hydrogen embrittlement. 

Automatic and manual valves in combination with pressure and/or flow 

monitoring should be used to ensure that if a leakage occurs, then the leakage is 

stopped quickly, and the amount of leaked gas is small. 

If leakage occurs, it is important to ensure sufficient ventilation to dilute the leaked 

hydrogen. Another preventing measure for hydrogen is to ensure that there are no 

ignition sources where a leakage may occur. This is partly managed by the  

ATEX-regulations.  

Since a hydrogen leak is odourless and not visible to the human eye it is difficult to 

detect a leakage and special means of detection is often needed. There have been 

studies carried out looking at hydrogen odorant, especially for hydrogen 

distribution pipelines to help detecting hydrogen leaks. One example is a report 
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from the Hy4Heat programme in the UK, a programme by the Department for 

Business, Energy and Industrial Strategy that investigated whether hydrogen 

could replace natural gas in the UK in residential and commercial buildings and 

gas appliances. The hydrogen odorant report289 focused on identifying a suitable 

odorant for 100% hydrogen use for cookers and boilers, looking at five possible 

alternatives. 

Apart from possible hydrogen odorant, hydrogen can be detected at two stages: 

gaseous condition and flammable condition. Point gas detectors and acoustic 

detectors could be used to detect leakage of hydrogen in gaseous condition. Flame 

detectors could be used to detect an ignited hydrogen leakage, flammable 

condition. Note that flame detection is a mitigating measure to reduce the 

consequence of the ignited hydrogen leakage. The other detectors are preventing 

measures to detect hydrogen before it is ignited. 

Table 18.Different point gas detectors. 

Detector type  

Point gas detector The point gas detector detects the gas at one point, meaning the gas 
must reach the detector to be detected. This technology is well suited 
for applications where the gas can accumulate, such as confined 
spaces. This technology delivers a gas concentration-based 
measurement. The major downside with point gas detectors is that 
the gas must reach the detector sensor to be measured. 

There are different types of point gas detectors, Electrochemical 
sensor (EC), Catalytic bead sensor (CatEx) and Infrared sensor (IR).  

 

Ultrasonic Gas Leak 
Detection (UGLD) 

The ultrasonic gas leak detention (UGLD) is an acoustic based detector 
that will quickly detect hydrogen leaks. This technology is well suited 
for outdoor locations not affected by wind in contrast to the point gas 
detector. This technology delivers an on/off indication of gas leak or 
no gas leak. 

 

Flame detector Flame detectors detect the electromagnetic radiation of the reaction 
products of flames, e.g., CO2 or H2O. Dedicated hydrogen infrared 
flame detectors are needed due to the unique IR radiation spectrum 
of hydrogen flames, which differs from the spectrum of hydrocarbon 
flames.290  

 

 

 

3.5.2 Mitigating measures  

Flame detection is a mitigating measure but is presented above together with the 

other detection methods.  

The main hazards when hydrogen is ignited are the radiation/temperature effects 

from a jet flame and the overpressure effects from an explosion. Both these effects 

decrease with larger distance to the energy source; thus safety distance is an 

 
289 Hydrogen+Odorant+Final+Report+amended+Nov+2020.pdf 
290 Dräger Global, H2 Experts talks – Hydrogen plant matrix (2022-09-15). 

https://static1.squarespace.com/static/5b8eae345cfd799896a803f4/t/5fb26960844f9e409ec7df2e/1605527940304/Hydrogen+Odorant+Final+Report+amended+Nov+2020.pdf
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important mitigating measure. Some calculated safety distances based on 

consequence calculations are presented in segment 3.4. 

Physical barrier is another mitigating measure that will reduce 

radiation/temperature effects from a jet flame and overpressure effects from an 

explosion. In Swedish regulations for handling flammable gas (MSBFS 2020:1) the 

recommended safety distances may be reduced by 50 % when a physical barrier is 

installed. 

If an explosion occurs the overpressure effects could be mitigated with 

an explosion vent or rupture panel, which is a safety device to protect equipment 

or buildings against excessive internal pressure from explosions. 

Firefighting equipment and extinguishing systems are mitigating measures used to 

reduce the radiation/temperature effects from an ignited hydrogen leakage. Both 

traditional sprinkler systems and water mist systems are effective mitigating 

measures.  Water mist systems require less water than traditional sprinkler and 

water mist that is dispersed before an ignition could also reduce the effects from an 

explosion if the small water droplets absorb some of the released energy. 

3.6 REGULATIONS GAP ANALYSIS  

Today, the Swedish regulatory and guideline framework offers limited specific 

guidance on hydrogen safety. The Swedish Civil Contingencies Agency (MSB) 

regulates safety measures for handling flammable gases in general through its 

regulation MSBFS 2020:1. However, this regulation primarily addresses flammable 

gases in a broad sense. While it is true that hydrogen is a flammable gas, it behaves 

fundamentally differently from other flammable gases such as methane or 

propane, which are extensively covered by the mentioned regulation. 

Given that biogas (methane) has been in the market for a longer period, the 

Swedish Gas Association (Energigas Sverige) has developed a comprehensive 

library of guidelines, such as TSA 2020 and NGSA 2023, which outline safety 

measures and regulations for specific areas. These guidelines have been 

acknowledged and referenced in MSBFS 2020:1. A similar trend is emerging within 

the hydrogen community, as the Swedish Gas Association recently published H2-

TSA 2023, the hydrogen equivalent of TSA 2020 for methane gas stations. This 

publication provides instructions on how to safely construct and operate hydrogen 

gas stations. Additionally, the Swedish Gas Association is currently working on 

VGSA, which will offer guidelines for hydrogen pipeline systems, mirroring the 

existing instructions for methane in NGSA. 

Despite these efforts, the hydrogen sector has not yet reached the same level of 

regulatory maturity as the methane sector, resulting in a gap in regulations and 

guidelines for the safe handling of hydrogen. Although international standards 

such as those from the National Fire Protection Association (NFPA) and the ISO 

19880 series could serve as valuable references, the responsibility largely falls on 

hydrogen industry developers to interpret existing regulations, often with the 

assistance of external experts. This can lead to varied interpretations, creating 
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inconsistencies in safety practices and potentially leading to uneven safety 

standards across the industry. 

Moreover, municipalities and county administrative boards face challenges in 

reviewing and approving permit applications due to the lack of clear guidance, 

resulting in longer processing times. This situation is exacerbated by potential 

differences in regulatory interpretation across the country and the iterative 

communication between municipalities, county administrative boards, MSB, and 

developers, which can further delay the permit approval process. 

Recognizing the need for more specific regulations and guidelines, MSB has 

recently issued a draft for an updated version of MSBFS 2020:1, which explicitly 

addresses hydrogen. This update is informed by scientific research from Lund 

University and Marcus Runefors, as well as international standards such as the ISO 

19880 series and ISO/TR 15916:2022. The new addition provides more detailed 

guidelines on safety considerations for handling hydrogen. 

The industry is also actively working to develop comprehensive instructions for 

hydrogen, similar to those available for methane (e.g., TSA-H2 and the 

forthcoming VGSA). These efforts aim to streamline and standardize technical and 

safety measures, facilitating the energy transition. If authorities and industry 

associations continue to enhance and clarify hydrogen guidelines and regulations, 

it will foster greater consensus within the industry, streamline permit processes, 

and accelerate the energy transition. 

3.6.1 Case Studies 

3.6.1.1 UK 

Great Britain 

Hydrogen is defined as a dangerous substance in Great Britain (Northern Ireland 

has its own regulations) and therefore falls under the COMAH291 (Control of Major 

Accident Hazards) regulations (2015) which implement the Seveso III Directive, 

except for the land-use planning requirements, which are implemented by changes 

to planning legislation. There are two thresholds in COMAH – lower and upper 

tier requirements. These determine the amount of reporting and detail required in 

the risk assessments and planning of the site. 

Lower tier COMAH regulations apply where there is a minimum of 5 tonnes of 

hydrogen on site, and upper tier requirements are applicable where there are 50 or 

more tonnes of hydrogen on site. These thresholds are subject to certain rules 

around distances between storages of substances and how proportions of the total 

amount are distributed around the site.  

 

As underground hydrogen storage in salt caverns or LRCs will generally exceed 50 

tonnes in capacity, top-tier COMAH regulations will apply. In practice this also 

 
291 The Control of Major Accident Hazards Regulations 2015. Guidance on Regulations L111 

(hse.gov.uk) 

https://www.hse.gov.uk/pubns/priced/l111.pdf
https://www.hse.gov.uk/pubns/priced/l111.pdf
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means that the same regulations would apply to any kind of underground storage 

be it in salt caverns, LRCs, depleted gas fields, or aquifers. Borehole Sites and 

Operations Regulations (1995)292 will also apply to any activity on the site. 

A top-tier facility will be required to submit several documents and plans to HSE, 

including those required of lower-tier operators. Along with basic details of the 

facility, a major accident prevention policy (MAPP) must be prepared which 

includes a summary and references to the safety management system. Separate 

documents on plant operating procedures, training records, job descriptions and 

audit reports will also be submitted and referred to. 

For the top-tier facilities a detailed safety report must be prepared to show that 

arrangements for the control of major accident hazards and limiting the 

consequence to people and the environment have been developed. An internal 

emergency plan must also be prepared and tested. Information must be supplied 

to local authorities for external emergency planning purposes, and information 

about the activities that take place in the facility must be provided to the public as 

well. 

As these regulations cover a set of different chemicals, there is no hydrogen 

specific safety distance for example - this would be calculated on a case-by-case 

basis and would form part of the submitted report under the COMAH regulations. 

Northern Ireland  

In Northern Ireland the DSEAR293 (Dangerous Substances and Explosive 

Atmospheres Regulations) apply. These regulations are similar to the COMAH 

regulations in that planning and reporting are key parts along with risk mitigation. 

However, a key difference is that the DSEAR does not have a tier system and so 

applies at all quantities of a dangerous substances where it is present.  

3.6.1.2 Norway  

The Norwegian Directorate for Civil protection (DSB – Direktoratet for 

Sammfunnsvitenskap og Beredskap) is the competent authority for flammable 

substances, including hydrogen, in Norway. According to the Norwegian 

Government’s Hydrogen Strategy there are five key regulations that govern the 

production, handling, storage, and transport of hydrogen. 

One of these is a national regulation whereas the other four are based on EU 

directives and so are the same in other EU/EEA countries and the UK. 

The Regulations relating to the handling of hazardous substances covers the 

general handling and bunkering of hydrogen up until it is transferred to a hose 

connected to a ship at which point the Norwegian Maritime Authority’s 

regulations for hose connections to ships take over. This is the sole national 

regulation covering hydrogen. 

 
292 The Borehole Sites and Operations Regulations 1995 (legislation.gov.uk) 
293 The Dangerous Substances and Explosive Atmospheres Regulations 2002 (legislation.gov.uk) 

https://www.legislation.gov.uk/uksi/1995/2038/contents/made
https://www.legislation.gov.uk/uksi/2002/2776/made
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For hydrogen plants, the regulations relating to health and safety in potentially 

explosive atmospheres are relevant, the regulations relating to pressure equipment 

covers stationary equipment, and the regulations relating to the transport of 

dangerous goods by road cover the transport of hydrogen. Finally, through the 

Major Accident Regulation the DSB implements the EU Seveso III directive into 

Norwegian applications, which covers scenarios where more than 5 tonnes of 

hydrogen are stored onsite, in which case mandatory notification to the authorities 

is required. As DSB is also responsible for electrical safety, they also cover the 

above regulations relating to hydrogen production systems as well as storage. 

3.7 RECOMMENDATIONS 

The storage and handling of flammable gases poses a risk, regardless of the 

characteristics of the gas. However, since the properties of the different substances 

differ, the need for customised mitigation measures plays a big role in the safety 

management around flammable gas handling and storage. Since the national 

legislation needs to apply a broad perspective, it cannot be rewritten to meet each 

and every aspect of the different characteristics. On the other hand, the absence of 

guidelines and standards give an uneven safety level application in the country, 

both from experts and authorities. Therefore, there must be an initiative from the 

different business associations to form industry standards in cooperation with 

relevant researchers, experts, and authorities to unify a common path of a general 

agreement with respect to the minimum safety level in society when it comes to 

hydrogen storage and handling in Sweden.  

Based on this and the topics covered earlier in this chapter, a number of 

recommendations have been highlighted for Sweden’s next steps for ensuring safe 

storage of hydrogen: 

1) Benchmarking strategies from other countries. Here Sweden can look at 

two areas: 

a. Benchmarking activity looking at countries that have progressed 

further in hydrogen storage and other infrastructure. Some 

countries have progressed further with standards, regulations and 

guidelines for when working with hydrogen. This can partly be 

due to experience with handling natural gas in larger quantities 

and building on this experience. It can therefore serve as a major 

aid for establishing first steps for Sweden to carry out. The 

benchmarking study should look at relevant comparable countries 

with similar hydrogen ambitions for storage that have gotten 

further with their approach to safety procedures when handling 

large quantities of hydrogen. Such an activity should highlight key 

areas to look at such as: 

i. Standards followed, 

ii. Safety procedures and control, 

iii. Safety approach to hydrogen, 
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iv. Requirements on risk assessments, 

v. Maintenance and operation of storage facilities, 

vi. Permitting processes. 

b. Lessons learned activity from reported accidents and incidents. 

The HAID tool include all documented hydrogen accidents and 

incidents worldwide and can serve as a starting point. Here, 

events related to hydrogen storage (where refuelling stations 

should be included) can be evaluated further, looking at the 

identified root causes and actions taken. It can help identify 

important safety gaps for how hydrogen is currently handled in 

Sweden and how processes might have to be adapted to progress 

to the new hydrogen industry, where quantities are expected to 

increase significantly.  

2) Decide on safety approach: As already mentioned, the absence of 

standards and regulations for hydrogen storage in Sweden can cause 

uneven safety level. However, there needs to be some level of customising 

procedures and mitigation measures to be applicable for different storage 

solutions. This leads to deciding on a safety approach, where Sweden can 

draw inspiration from other countries’ strategy. For example, Germany has 

chosen a deterministic approach for hydrogen transmissions pipelines 

where clear technical requirements are regulated by the DVGW 

standards294. Alternatively, the UK has a goal-setting approach, where the 

risk owner must lower the risk as low as reasonably practicable and choose 

applicable standards to achieve this. Furthermore, the requirements for 

quantitative risk assessments vary between different countries. This 

includes what items should be covered, process to be followed and 

requirements when a risk assessment is needed. It is therefore 

recommended that the benchmark study looks at this as well to help 

decide on a strategy for risk assessments for hydrogen systems in Sweden, 

which can depend on Sweden’s overall safety approach. Finally on safety 

approach, Sweden will have to decide on a national requirement for how 

safety is ensured for installed hydrogen storage sites (through for example 

safety permits and verification from inspection bodies). 

3)  Decide on strategy for standards and regulations: Although Sweden does 

not have specific hydrogen storage standards, there are internationally 

recognised standards and procedures (both already published and being 

developed). It is therefore recommended that this is used as a starting 

point and evaluate through a GAP analysis if complimentary standards are 

needed that could be especially applicable in the Swedish market. This also 

includes whether specific standards shall be followed or if there is 

flexibility depending on the application to use different internationally 

recognised standards as long as they are suitable and minimise risks. 

 
294 Information Paper: Hydrogen transport 

https://www.wasserstoffrat.de/fileadmin/wasserstoffrat/media/Dokumente/EN/2021-07-02_NWR-Information_Paper_Hydrogen_Transport.pdf
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Finally, Sweden needs to decide how new regulations for hydrogen should 

be implemented which may depend on different areas of hydrogen. 
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4 Work Package 4: Identification of 
knowledge gaps and research focus  

This work package consists of insights from dialogue and interviews with different 

users and suppliers/manufacturers/developers of hydrogen storage. The purpose is 

to identify knowledge gaps and what focus research should have going forward 

within hydrogen storage solutions. 

Below is a list of all interviewed companies who have provided insights to this 

work package: 

Table 19 List of interviewed companies who have proven insights to this work package. 

Company Relation to hydrogen storage Interviewee and title 

MAN Energy Solutions Developer of gaseous and 
liquid hydrogen storage 
systems 

Kristoffer Lorentsson,  
Sales Manager 

H2Hive Developer of gaseous 
hydrogen storage in drill-holes 

Mikael Gustafsson, Chairman 
of the board 

Hynion Developer of hydrogen 
refueling stations for vehicles 
which includes hydrogen 
storage 

Bertil Rydahl,  
Business Developer 

Mariestads kommun 
(Municipality of Mariestad) 

User of compressed hydrogen 
storage in a refueling station 
and at a school building 

Gösta Lindmark, 
Sustainability strategist 

H2 Green Steel User of compressed hydrogen 
storage for steel industries 

Sebastian Falke, 
Project Manager 

Water stuff & sun Developer of gaseous 
hydrogen storage in a unique 
technology 

Jonas Flädjemark, 
Chief Operations Officer 

Nordion Energi Infrastructure and climate 
neutral distribution of gas 

Anna-Karin Jannasch, Senior 
project manager 

Euromekanik AB Technology supplier and 
installations 

Peter Rydebrink,  
CEO 

Chiyoda Corporation 
Netherlands B.V. 

Provider of LOHC storage 
solutions 

Osamu Ikeda,  
Managing Director 

Norwegian Hydrogen Hydrogen producer Øystein Tørlen, Chief 
Technology Officer 

 

MAN Energy Solutions 

MAN Energy Solutions (MAN ES) is an energy system developer. They have a 

department in Sweden who specialized in liquefied gas storage systems and 

logistics (MAN Cryo). When energy systems that include hydrogen get larger over 

time, they expect the need for liquefied hydrogen to become greater due to the 

physical space required for storage and transport of hydrogen.  

Liquefied storage technologies for hydrogen are used today, but not on a big scale 

that is anticipated for hydrogen in the future. Because of this, there are 
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uncertainties regarding, but not limited to, standardization and costs. Currently 

the price of producing hydrogen is too high for liquid hydrogen to be effective in 

other than larger systems, which is a big risk. As the hydrogen energy system gets 

larger, the costs are expected to be reduced. 

MAN ES thinks there are knowledge gaps where research or other work is needed, 

mainly with the focus on system perspective regarding: 

• How to reduce costs for large-scale hydrogen systems. Cost reductions need to 

be found in more areas that do not originate from an upscale in manufacturing 

of components.  

• Which storage solutions are most effective when applied in large scale energy 

systems in relation to existing boundary conditions. 

MAN ES also mentions that there is less need for technological research of liquid 

hydrogen storage in regard to losses and similar areas, in relation to what’s 

mentioned above.  

H2Hive 

H2Hive is a developer of hydrogen storage. Their technology is about storing 

gaseous hydrogen below ground in drill holes, which are enclosed by plastic or 

steel to prevent leakage. The technology is said to be able to store up to about 1000 

bar hydrogen in steel containers or about 500 bar in plastic containers.  The storage 

technology is said to be used as a safe and cost-efficient way to establish small- and 

large-scale storage close to buildings, industries, refueling stations or in other 

places that aren’t mobile.  

The storage technology is not commercial until it has been successfully tested on a 

small and large scale. H2hive says that during the development of the storage 

technology, several questions arouse which have yet to be answered until their 

tests are successfully done. Hence, they describe the current knowledge gaps and 

relevant research topics as: 

• There is a lack of comparison studies for different storage technologies. 

Especially when it comes to costs, safety and efficiency. Safety aspects are 

especially lacking in comparative studies. 

• How hydrogen affects the ageing of different storage material is mostly 

unknown. This includes container material, valves, pipes and such. 

• More research is needed on how to decrease the permeability of materials to 

reduce hydrogen leakage. 

Hynion 

Hynion is a developer of hydrogen refueling stations for vehicles and has installed 

a few stations in Sweden and Norway. Their technology incorporates hydrogen 

storage which is today pressure vessels with compressed hydrogen. Currently 

hydrogen is delivered through road transport to the refueling station, but they are 

looking into producing hydrogen locally at the station through smaller 

electrolyzers. 
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They’ve chosen pressure vessels as storage technology because it is the most 

compatible for vehicles. The cascade storage technique is used to refuel the 

vehicles using a pressure difference, which requires that the pressure inside the 

storage is higher than the pressure in the vehicle tank. For passenger cars and 

heavy vehicles, the pressures required are over 700 bar and 350 bar respectively. 

Hynion does not expect hydrogen to be widely available in society like fossil diesel 

is currently. This leads to fewer but bigger hubs to refuel hydrogen. Therefore, the 

hydrogen storage systems need to be large and different parts of the local society 

need to be able to extract and use this hydrogen, therefore: 

• Research is needed on potential multi-use of hydrogen storage for different 

applications simultaneously, like refueling for vehicles and decentralized fuel 

cell electricity generation. 

Hynion also expresses that there are uncertainties regarding mobile storage 

(mainly transportation) of hydrogen. Currently there is little to no knowledge 

regarding how much hydrogen one can transport on the road. A knowledge gap is 

therefore: 

• How and how much hydrogen can be stored in mobile applications? For 

example, transporting hydrogen on the road by trailers. 

Mariestads kommun (Municipality of Mariestad) 

Mariestad is a user of hydrogen storage. Currently hydrogen is stored separately to 

supply two systems with gaseous hydrogen: a refueling station for passenger cars 

and a school building. For the refueling station an old technology is used 

consisting of several smaller tubes of compressed hydrogen which aim to reach 

mid-to-high pressure levels but have never really worked well due to leakage 

between the connections of the tubes. For the school, typical pressure vessels of 

compressed hydrogen are used, but are yet to be filled with hydrogen due to the 

hydrogen system including photovoltaics and fuel cells is not yet finished.  

They’ve chosen the pressure vessel storage technology because it is the most 

established technology to supply compressed hydrogen from their point of view. If 

the refueling station would be rebuilt from scratch, then pressure vessels like those 

at the school would probably be used. This is because with one big pressure vessel 

the pressure of the hydrogen within would be more stable and the compressor 

wouldn’t have to work all that much in comparison to now. It’d probably lead to 

less malfunction too. Currently there are big variances in pressure between the 

smaller connected tubes.  

For Mariestad to efficiently develop and incorporate hydrogen storage solutions 

within their municipality there are some key points that needs further research: 

• The protective distance of different units within a hydrogen system (electricity 

production, electrolyzer, storage and so on) is currently different for different 

units. This is therefore hard to build a local hydrogen system without building 

them far apart from each other, which might be inefficient.  Research regarding 

protective distance is needed in relation to storage, but also other units. 
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• Required redundancy within hydrogen systems including storage is crucial to 

reduce the downtime of, for example, a refueling station. Redundancy of 

hydrogen storage within hydrogen systems needs to be further researched. 

H2 Green Steel 

H2 Green Steel is a manufacturer of fossil free steel using green hydrogen. They do 

not yet have a complete production plant, but the first small scale production is 

planned to begin in 2024. Hydrogen is required in the steel making process, instead 

of conventional natural gas, and is therefore not converted into electricity under 

normal conditions. H2 Green Steel is therefore a user of hydrogen storage for 

several purposes; stores hydrogen produced by their electrolysers to act as a 

reserve of both pure hydrogen and electricity in the event of disruption and to 

provide ancillary services to the electricity grid. 

They’ve chosen the pressure vessel technology after a former thorough 

investigation of different hydrogen storage technologies. They chose pressure 

vessels for compressed hydrogen because it’s a well-established technology that’s 

the most economic for H2 Green Steel’s application and the safety risks are well 

known. Technologies like underground storage in rock caverns and liquid 

hydrogen were considered, but H2 Green Steel lacked suitable underground 

caverns and concluded that liquid hydrogen is not as easily “activated” when 

needed for their process. It’s very important that the hydrogen supply doesn’t halt 

during steel production or else major malfunction in the system might occur. 

A challenge that H2 Green Steel faces regarding their hydrogen storage is the 

ability to use it continuously in their steel making process, while also having it 

available for other purposes. Knowledge gaps is therefore: 

• How to dimension and, in practice, use hydrogen storage to act on the balance 

market as ancillary services, while simultaneously using the storage, in the 

production process. 

• How to dimension and, in practice, use hydrogen storage while keeping a 

reasonable amount of hydrogen available in case of disruption, while 

simultaneously using the storage, as normal, in the production process. 

• Both points above combined. Extended knowledge is needed on how the 

dynamic use of a hydrogen storage shall be considered for both engineers and 

the storage manufacturers. 

Water stuff & sun 

Water stuff & sun is a developer of a high-technological hydrogen storage solution. 

The company is originated from Sweden, but has mainly been financed by German 

investors, and is therefore also based in Germany.  

Their technology is about storing gaseous, compressed, hydrogen in small carbon 

fiber capsules. Several capsules are then stored in a “case” containing low-pressure 

gaseous hydrogen (3 bar and up). This makes the capsules and the case frame 

enveloped by low-pressure hydrogen. The capsules can contain hydrogen up to a 

pressure of 1000 bar and have a special chip integrated in the design. When 

hydrogen is needed, the low-pressure hydrogen is released from the case. When 
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the low-pressure hydrogen is below a certain pressure threshold, the chip on the 

small capsules reacts and releases hydrogen from the capsules into the case.  

The design makes it possible to store hydrogen with very high pressures, making it 

efficient from a volume perspective and providing increased safety (due to low 

pressure in the case) as well as scalability (the number of capsules and case sizes 

can easily be adjusted). The technology can be applied in any solution requiring 

hydrogen storage, both mobile and stationary, but expects to be the most cost 

efficient in large-scale systems, for example by being connected to an electrolyser 

at a wind power farm.  

In their development water stuff & sun sees some areas were extended knowledge 

is needed on a general level; 

• Certification of new technologies, like this, are very challenging. More 

knowledge is needed on how to tackle new technologies for hydrogen storage 

to speed up the product market launch. This is the main factor slowing down 

water stuff & sun for launching their product. 

• More research is needed for large-scale production of hydrogen at renewable 

energy sites, especially regarding the distribution of the produced hydrogen. 

How will we store and distribute hydrogen at far-away production sites? 

Euromekanik 

Euromekanik is a Swedish technology supplier that was founded in 1974 and 

provides entire systems of solutions for different stakeholders with hydrogen-

related operations. The main customer is the process industry and the company 

delivers systems as well as components to measure, regulate, steer and handle 

gases, steam and process fluids. Stakeholders in the Nordic countries are the main 

customers but the company uses suppliers from all over the world. 

The products of Euromekanik are mostly designed for hydrogen but other energy 

gases are also in the scope of the company. Since hydrogen operations are a core 

business for Euromekanik, and the company provides complete system solutions, 

different storage solutions are used and the chosen technology varies between 

different applications. It can be everything from stationary solutions to mobile 

carbonfiber storage (varying between 200 to 500 bar of pressure) etc. A number of 

parameters are taken into account when finding the most suitable technology. That 

is for example the storage turnover (how often do you empty and fill up your 

storage), another is the volume that is going to be stored (small or large volumes) 

and the third one is if it will be transported over short or long distances. Different 

technologies have different strengths and weaknesses from these points of views 

which will affect the choice of technology. 

In their operations Euromekanik see some areas where increased knowledge is 

needed on a general level; 

• The cost of storage is too high at the moment and needs to be reduced. Since it 

is too high the storage turnover needs to be high in order to achieve a low cost 

per kg hydrogen that is being transferred. Excludes applications with lower 

volumes.  
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• Knowledge gap on a decision-maker level leading to high uncertainty in 

regard to what rules and regulations will be in place for hydrogen.  

• Low volume hydrogen that is being stored per kg of mobile storage unit. This 

leads to high costs for transport of hydrogen. 

Nordion Energi 

Nordion Energi is a group of companies within infrastructure for electricity and 

gas and is based in Malmö in southern Sweden. It consists of Swedegas, Weum 

and Falbygdens Energi where the first two focus on infrastructure for gas and the 

last one on electricity. Nordion Energi has a clear vision to work for a transition in 

the energy sector towards 100% renewables and hydrogen is lifted as an important 

component to reach this goal. Three important trends are emphasized for the 

group: decarbonization, decentralization and digitalization.  

Pipelines are the core focus of Nordion Energi, with the purpose of providing 

transportation possibilities for stakeholders along the gas grid. The storage 

opportunities that are inherent in this gas grid are not the main focus but a positive 

add-on to the technology. Development and operation of storage facilities for 

hydrogen are not excluded as possible future activities but are not the focus of the 

company at the moment. Nordion has a prioritized development area to establish 

large scale hydrogen pipelines in Sweden and has recently established an affiliated 

company for this called Nordion Hydrogen AB. The focus here is to establish new 

pipelines, but that requires stakeholders both upstreams (wind energy producers 

etc) and downstreams (large process industries etc).  

In their operations Nordion Energi see some areas where increased knowledge is 

needed on a general level; 

• The timing is a large issue when establishing new infrastructure where all 

involved parties need to be synchronized in order for the investment to be 

viable.   

• Knowledge gap creates a bottle neck for permit processes. 

• Knowledge on how different storage possibilities can interact in an optimal 

way depending on their inherent characteristics and create flexibility between 

each other, but also for electricity production and supply. 

• Financing of these infrastructure investments 

• Material availability can become an issue when many stakeholders establish 

infrastructure simultaneously   

Chiyoda Corporation Netherlands B.V. 

Chiyoda is a large Japanese engineering company which was established in 1948 

and employs almost 5000 people worldwide. A large share of the company 

business is within LNG-plants and gas-related work but also petrochemical 

refinery, new energy sources and pharmaceuticals. Chiyoda is expanding in the 

European market through Chiyoda Corporation Netherlands B.V. in order to 

deploy and develop decarbonization technologies in Europe, focusing on 

hydrogen.  
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Chiyoda has a liquid organic hydrogen carrier (LOHC) technology with the use of 

toluene. The main advantages for this technology are that it is considered safe, easy 

to handle and has a low capital investment. The lower costs are due to the fact that 

existing petroleum infrastructure can be repurposed to LOHC-applications. The 

aim is now to establish a supply-chain in Sweden, Norway, Great Britain, Iceland 

as well as Portugal and parts of northern Africa.  

In their operations Chiyoda Corporation see some areas where increased 

knowledge is needed on a general level; 

• Generally, hydrogen is not well known, and LOHC-technologies are even less 

known meaning general competence gap on many levels. 

• Economics is seen as a key challenge; support would be helpful to be able to 

introduce the technology. It is a commercial risk for the investor and therefore 

partnership and cooperation with support from governments need to be 

enhanced in order to overcome challenges. 

• Social acceptance needs to be managed for technology to be able to spread. 

Norwegian Hydrogen AS 

Norwegian Hydrogen AS is working to establish and develop infrastructure for 

the production, refueling and distribution of green hydrogen in the Nordic region. 

The company is establishing production facilities for hydrogen production, while 

its subsidiary Vireon Sverige AB is working on establishing refueling 

infrastructure in Sweden. Through ongoing projects, the company hopes to help 

build the hydrogen value chain in the Nordic region.  

In the projects they are working on, hydrogen is stored as compressed gas at 

medium and high pressure. Storage (and transport) is done via trailers, multi-

element gas containers or in some cases local pipelines. In some projects, the 

pipelines can also act as a buffer storage. The technologies used are pressurized 

tanks, steel or composite multi-element gas containers, and pipelines. Composite 

pipelines are used to transport the gas, and containers can also serve as storage for 

boats and stationary installations.  

The use of composite pipelines and stationary storage has been considered in 

several projects. Higher pressure storage has also been considered, but higher 

pressure requires, among other things, thicker walls, which means that the 

volumes that can be stored will be lower and is associated with higher costs. The 

choice of storage method is influenced by the technologies available on the market, 

their cost and their efficiency.  

The main challenge for hydrogen storage is the cost of pipes and storage 

containers, especially at higher pressures. Limited volume capacity of current 

containers requires more units in operation, which negatively affects the economy. 

Development of new technologies takes time and requires long lead times before 

the technology has the necessary approvals. 

In terms of technology development, there is a need for materials that can handle 

higher pressures and larger volumes. Liquid hydrogen storage and sea transport 

options are promising but require increasing volumes throughout the value chain. 
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There is also a need for better stationary storage, such as tanks that can be placed 

under water. 

In conclusion, cost, technology development and storage capacity are the main 

challenges in hydrogen storage. 

 

  



 
 

111  

 

 

 

5 Support Information 

5.1 LRC SUPPORT INFORMATION 

 

 

 

 

Figure 31. Vertical section of the LRC’s storage cavern and tunnel arrangements for the demonstration plant in 
Sweden. 
 

“The shallow location implies, however, that the tightness of the storage must be 

kept at all times, as the internal pressure is higher than the pressure of the 

formation, i.e. the rock and the groundwater are not capable of preventing the gas 

from escaping in case of leak,”295 

LRC storage system consists of two parts: the surface-bound facility and the 

underground facility. The surface-bound facility consists of a compressor station, 

heating and cooling equipment, piping, valves, metering, and a control system, 

similarly to that of other underground gas storages. The underground facility 

consists of one or several storage caverns and a system of tunnels connecting the 

caverns with the ground surface. The caverns are excavated as vertical cylinders 

with rounded top and bottom. Typical dimensions are 35-40 m in diameter and 60-

100 m height. Typical pressure ranges between 15-30 MPa.  

The key element is the lining, which consists of 3 structural components with 

different purpose: a sealing layer to contain the gas in the facility, a pressure-

distributing part to transfer the load from the gas to the rock mass, and, of course, 

the rock mass, which carries the load from the gas pressure. These structural 

components work together in a complex interaction as the cavern is pressurized.  

1. Inner steel lining: Ensures gas tightness and bridges minor cracks in the 

underlying concrete 

 
295 Johansson, F., Spross, J., Damasceno, D., Johansson, J., Stille, H. KTH Division of soil and rock 

mechanics. Investigation of research needs regarding the storage of hydrogen gas in lined rock caverns. 2018. 



 
 

112  

 

 

 

2. Sliding layer in between the steel lining and the concrete, reducing the 

friction between these components. This layer also provides some 

corrosion protection to the steel and assists in sealing off the concrete 

surface in case of gas leaks in the lining. 

3. Concrete lining: Transmits the gas pressure to the rock mass, distributing 

the deformations in a uniform way. It is also needed to provide a smooth 

base for the steel lining. The concrete lining is reinforced with a welded 

mesh to distribute the tangential strain into many small concrete cracks. 

4. Low strength permeable shotcrete: Protects the drainage system, allows 

water to seep between the rock and the casted concrete to the drains, and 

reduces the interlocking between the concrete lining and the rock surface. 

5. Drainage system: Perforated drainpipes around the cavern. The purpose of 

the drainage system is to reduce the water pressure against the steel lining 

when the gas pressure in the facility is low. It is also part of the monitoring 

system for gas leaks. The drainage system should not circulate water 

under normal conditions but be activated is a gas leak has been indicated. 

This reduces the risk for chemical and biological clogging. It is also 

favourable from corrosion point of view to maintain stagnant conditions 

and avoid introducing oxygen near the steel lining. 

Surrounding rock: Carries the load from the gas pressure. The occurring deformations in the 

lining will mainly depend on the gas pressure, the deformation modulus of the rock mass, the 

rock mass strength, and the size and shape of the cavern. The deformations may also be affected 

by the presence of joints and weakness zones in the rock mass and in-situ stresses. 

While hydrogen gas is a promising renewable and clean energy, it requires specific 

safety considerations for its storage. Hydrogen is a gas in ambient conditions and it 

is the lightest known molecule in the universe; therefore, the tightness of the 

storage needs to be ensured. It is undetectable by human senses (colorless, odorless 

and tasteless) and sulfur or another odorant compound cannot be added, as in 

safety demands for natural gas, given the drastic difference in the densities of the 

different gases. On the other hand, hydrogen rises at almost 20 m/s (in fact, it is 14 

times lighter than air and 8 times lighter than natural gas); this buoyancy effect is a 

safety advantage for rapid dispersion in an open environment. The accumulation 

of hydrogen in a closed environment may cause asphyxiation, even though it is not 

poisonous. The flammable concentration of hydrogen varies within a wide range, 

from 4 to 75%, against 5 to 15% of the natural gas; thus, the operational area should 

be free of heat flames and sparks. Hydrogen has an optimum combustion at 29% 

concentration and its minimum ignition energy is very low, 0.02 mJ, compared to 

natural gas, 0.29 mJ. On the other hand, hydrogen carries less energy per volume 

than methane, achieving 2.5 vs. 8.0 GJ/m3 at 20 MPa and 10.5 vs. 32.0 GJ/m3 at 80 

MPa (Makridis 2016). 
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6 Appendix A : Hydrogen applications in 
Sweden 

 

 

 
1 Marnate, K. & Grönkvist, S., Looking beyond compressed hydrogen compressed hydrogen storage for 

Sweden: Opportunities and barriers for chemical hydrides, 2024 

2 2 OX2, Press Release: OX2 to develop an offshore energy hub outside the coast of southern Sweden, 

2023.  

3 OX2, Gemensamt samråd för energipark Pleione och vindpark Ran, 2023.  

https://www.ox2.com/files//Pleione_Ran_samradshandling.pdf 

4 Skyborn Renewables, Skyborn Sweden submits permit application for Polargrund offshore wind farm, 

2024. https://www.skybornrenewables.com/articles/newsroom/polargrund_permit_application 

5 Note: Currently, there are no specific applications announced for the use of this hydrogen. However, 

in Alby, hydrogen is already produced as a byproduct of the sodium chlorate process. The vision is to 

transform Alby into a hydrogen hub, which could attract companies (both existing chemical companies 

and new) and foster the development of hydrogen-related infrastructure in the future. 

6 RES, Alby vätgasanläggning, 2024. URL: https://vatgasalby.se/ 

7 RES, Ljungaverk vätgasanläggning, 2024. URL: https://vatgasljungaverk.se/ 
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8 Lhyfe, Press Release: Lhyfe, OX2, and Velarion unite to create one of Europe’s largest green hydrogen 

driven industrial cluster in Ånge municipality, 2024. URL: https://www.lhyfe.com/press/lhyfe-ox2-and-

velarion-unite-to-create-one-of-europes-largest-green-hydrogen-driven-industrial-cluster-in-ange-

municipality-in-swed/ 

9 Plagazi, Köping hydrogen park, 2024. https://www.plagazi.com/k%C3%B6ping-hydrogen-park 

10 The exact annual hydrogen consumption is unknown, however 20 locomotives with a 350-kg 

hydrogen tank each will be supplied by 2030 to VÄTE rail by Pesa. 

11 VÄTE Rail AB, Vi köper Sveriges första vätgasdrivna lok, 2024. URL: https://vaterail.se/vi-koper-

sveriges-forsta-vatgasdrivna-lok/ 

12 PESA, SM42-6Dn Hydrogen, 2024. URL: https://pesa.pl/en/produkty/lokomotywy/sm42-6dn-

hydrogen/ 
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hydrogen filling station in Örnsköldsvik, 2024. URL: https://www.hynion.com/sv/nyheter/hynion-
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14 Hynion, Interim Report H1 2024, 2024.  

15 Naturvårdsverket, Pressmeddelande: Klimatklivet ger stöd till tolv nya vätgastankstationer från 

Trelleborg till Kiruna, 2024. URL: https://www.naturvardsverket.se/om-oss/aktuellt/nyheter-och-
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Hedensbyns kraftvärmeverk, 2024. URL: https://www.skekraft.se/wp-
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17 SkyNRG, SkyNRG & Skellefteå kraft announce project SkyKraft: A pioneering ESAF project in 
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