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  III 

Kurzfassung 

Salzkavernen stellen eine wesentliche Komponente der nachhaltigen Wasser-

stoffwirtschaft für die Kompensation der fluktuierenden Erzeugung erneuerba-

rer Energien dar. Diese Dissertation behandelt die Herausforderungen und Po-

tenziale der Wasserstoffspeicherung in Salzkavernen mit Fokus auf Material-

kompatibilität und Wasserstoffqualität für Brennstoffzellenanwendungen. 

Grundlage ist die Entwicklung eines kontaminationsfreien Probenahmeverfah-

rens kombiniert mit einer hochsensitiven Spurengasanalytik. Zur Validierung 

der Methodik für reproduzierbare Probenahmen unter realistischen Hoch-

druckbedingungen (70 MPa) und der Gasanalyse mittels Ionen-Molekül-Reak-

tion-Massenspektrometrie nach DIN 17124:2022 wurde eine Feldstudie an ei-

ner Wasserstofftankstelle durchgeführt. Die Ergebnisse zeigten eine überwie-

gend hohe Wasserstoffreinheit (> 99,92 %), einzelne Verunreinigungen über-

schritten jedoch die Grenzwerte. Auf Basis dieser Methoden wurde die Was-

serstoffqualität in einer Salzkaverne mittels kontrollierter Einlagerungsversu-

che untersucht. Die Wasserstoffreinheit lag nach der Speicherung bei über 

99,95 %, jedoch überschritten die Konzentrationen von Stickstoff, Wasser und 

halogenierte Verbindungen die Grenzwerte der DIN 17124:2022. Die hohen 

Konzentrationen von Stickstoff waren auf das während der Kavernenbildung 

eingesetzte Stickstoffblanket zurückzuführen und nahmen durch wiederholte 

Speicherzyklen ab, während die von Wasser und halogenierte Verbindungen 

die Notwendigkeit einer Aufreinigung des Wasserstoffs nach der Speicherung 

verdeutlichen. Materialuntersuchungen zeigten, dass der „H2ready“ Stahl 

API 5L X56 unter simulierten Kavernenbedingungen mit Wasserstoff und 

Druck-/Temperaturzyklen eine bessere Korrosionsbeständigkeit, geringere 

Rissbildung und folglich höhere Langzeitstabilität für die Kavernenspeicherung 

aufweist als der konventionell für die Erdgasspeicherung verwendete Kaver-

nenstahl API 5CT J55. Insgesamt liefert diese Arbeit einen ganzheitlichen An-

satz zur Bewertung der Wasserstoffreinheit und Materialbeständigkeit und un-

terstützt so die Etablierung von Wasserstoffspeicherung in Salzkavernen.  
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Abstract 

Salt caverns are essential to the sustainable hydrogen economy by compen-

sating the fluctuating generation of renewable energies. This dissertation ad-

dresses the challenges and potentials of storing hydrogen in salt caverns, fo-

cusing on material compatibility and hydrogen quality for fuel cell applications. 

The development of a contamination-free sampling method combined with a 

highly sensitive trace gas analysis technique builds the fundament of this the-

sis. A field study was performed at a hydrogen refueling station to validate the 

methodology for reproducible sampling under realistic high-pressure condi-

tions and gas analysis using ion-molecule reaction mass spectrometry accord-

ing to EN 17124:2022. While the results showed high hydrogen purity 

(> 99.92%), individual contaminations exceeded the thresholds. Using these 

methods, the quality of hydrogen was investigated in a salt cavern through 

dedicated storage tests. After storage, the hydrogen purity was higher than 

99.95%, though the concentrations of nitrogen, water, and halogenated com-

pounds exceeded the thresholds of EN 17124:2022. The high nitrogen con-

centrations were a result of the nitrogen blanket used during cavern construc-

tion and decreased with consecutive storage cycles. Contamination with water 

and halogenated compounds, however, illustrate the need for purification of 

the hydrogen after storage. Material tests under simulated cavern conditions 

involving hydrogen, temperature and pressure cycles, and brine showed that 

the "H2ready" steel API 5L X56 exhibited better corrosion resistance and less 

cracking than the conventional cavern steel API 5CT J55, which is typically 

used for natural gas storage. Consequently, it demonstrated higher long-term 

stability for cavern application. Overall, this thesis provides a comprehensive 

approach for evaluating hydrogen purity and material resistance, supporting 

the establishment of hydrogen storage in salt caverns. 
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 Introduction 

1.1 Motivation 

Achieving global targets for reducing greenhouse gas emissions and mitigating 

climate change demands a fundamental transformation of different sectors [1-

3]. The overarching aim is to curtail carbon dioxide (CO2) emissions. In this 

context, hydrogen (H2) has emerged as an important energy carrier, predomi-

nantly for energy-intensive applications in the transportation and industry sec-

tor and in facilitating the transformation of the energy sector [3-13]. In the trans-

portation sector, however, the utilization of H2 and its derivatives in heavy-duty 

trucks, trains, and heavy construction vehicles has emerged as a viable low-

emission alternative to fossil fuels [14, 15]. H2 is distinguished by its high en-

ergy density per unit mass and its versatility [16-19]. For instance, it acts as a 

feed gas for fuel cells and as an energy storage medium for fluctuating renew-

able energy sources, such as wind and solar energy [20]. Fuel cell vehicles, 

as the Toyota Mirai in the passenger car sector and the Hyundai Xcient Fuel 

Cell in the truck sector, convert H2 stored in pressurized gas cylinders into 

electrical energy, emitting only water (H2O) [21, 22]. Using renewable energies 

to produce H2 (green H2) results in a significant reduction in pollutant and 

greenhouse gas emissions compared to combustion engines [6, 23-25]. 

Despite these advantages, the use of H2 faces considerable challenges, par-

ticularly in the transportation sector. These include the production of green H2 

in sufficient quantities, the creation of a suitable infrastructure including hydro-

gen refueling stations (HRS), competitive pricing, the safe, efficient, and eco-

nomical availability, and storage of H2 on a large scale (i.e. TWh) [13, 17, 26-

30]. The latter is a salient issue, as physical properties of H2 (primarily its very 

low density in gaseous form, high volatility, low ignition energy, and high diffu-

sion rate) impose specific demands on storage techniques [31-34]. 
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Consequently, storage emerges not only as a technical concern, but also as a 

safety and economic issue that will play a decisive role in determining the ac-

ceptance and feasibility of a green H2 economy. 

Current storage solutions, particularly for mobile applications, encompass 

pressure tanks for gaseous H2 [35]. However, these are typically constrained 

to smaller quantities, elevated costs and safety precautions. Geological stor-

age facilities are emerging as a primary focus for the large-volume, inter- and 

intra-seasonal storage of energy, with salt caverns being regarded as particu-

larly suitable [33, 34, 36-43]. Salt caverns are defined as artificial cavities in 

salt domes that have been utilized for decades as storage facilities for natural 

gas, crude oil, and other gases [26, 44, 45]. Their inherent impermeability, re-

sistance to chemical influences, and mechanical stability provide a suitable 

basis for the storage of large quantities of H2 [46-48]. However, the practice of 

storing H2 in salt caverns is not yet commonplace, and there are uncertainties 

regarding interactions, long-term stability, H2 quality, and safety [26, 34-36, 

39]. 

The necessity for large-scale H2 storage is primarily driven by the characteristic 

renewable energy generation, which is subject to significant fluctuations influ-

enced by meteorological conditions and seasonal variations [4, 20]. For in-

stance, during periods of abundant sunlight and wind, a surplus of renewable 

electricity may be produced. This excess energy requires conversion into H2 

for storage, with the intention of subsequent consumption during times of lim-

ited wind power supply or solar irradiation [4, 15, 49]. Salt caverns have the 

potential to function as buffers in this context by storing substantial quantities 

of H2 at a cost-effective price and releasing it when necessary. According to 

the findings of studies, it is anticipated that Germany's demand for H2 will reach 

90 to 110 TWh by the year 2030 [3, 50]. This growth is projected to be pre-

dominantly driven by the industrial and transportation sectors. Converting the 

caverns currently in operation for natural gas to H2 would create a capacity of 

30 to 35 TWh [43, 51]. The sectors previously referenced are expected to de-

mand storage capacities ranging from 50 to 100 TWh by the year 2050 [43, 
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52-54]. This indicates that a substantial expansion of the existing infrastructure 

will be necessary. The behavior of H2 under the complex geochemical condi-

tions present in the cavern environment, as well as the extent to which long-

term storage is feasible without incurring quality losses, remain uncertain. 

Research and demonstration projects, particularly in Europe, are attempting to 

systematically examine the uncertainties mentioned above. The "H2ercules" 

project in Germany is examining the upcoming hydrogen infrastructure includ-

ing the technical and economic conditions for H2 storage in caverns and inves-

tigating potential effects on the cavern structure [55]. Concurrently, the Hy-

CavMobil project, to which this dissertation is affiliated, has explicitly analyzed 

the general feasibility of a H2-storing salt cavern for the transportation sector 

[56]. Furthermore, the project has analyzed the interactions between H2 and 

the materials used in the cavern, long-term stability (including leak tightness), 

and H2 quality after withdrawal. These projects are of importance for better 

assessing the technical feasibility, economic viability, and safety of cavern 

storage under real conditions. 

Challenges might emerge from the materials utilized, particularly the steels 

employed in the cavern structure and the technical components such as pipe-

lines, valves, and connecting lines [57-62]. These materials are exposed to 

elevated levels of mechanical stress, temperature fluctuations, and chemical 

influences from saline water in conjunction with H2. In addition to the conven-

tional corrosion process, the unique environmental conditions present within 

caverns are contributing to specific material degradation phenomena, includ-

ing stress corrosion cracking and hydrogen embrittlement [63, 64]. The conse-

quences of long-term effects under dynamic operating cycles could be material 

damage and, in the worst case, safety risks due to component failure and un-

controlled H2 leakage. 

The safety of the cavern and the provided quality of the stored H2 are critical 

factors in the implementation of H2 storage solutions. However, these factors 

have not yet been sufficiently clarified in research. The present study will con-

centrate on applications related to fuel cells (e.g. in the transportation sector). 
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The purity of H2 is governed by the standard DIN EN 17124:2022 [65] 

(EN 17124), which establishes stringent requirements for contamination lev-

els, leaving minimal margin for tolerated impurities. The chemical composition 

and purity of H2 are typically determined through the application of gas chro-

matography, mass spectrometry, and other physical-chemical analysis meth-

ods [66, 67]. The presence of potential organic and inorganic contaminants 

(e.g. hydrocarbons, sulfur compounds, H2O, oxygen (O2), and nitrogen (N2)) 

have to be detected, as these contaminants affect the performance and func-

tionality of fuel cells [27, 68-71]. The analysis requires high precision and suit-

able sampling techniques to avoid cross-contamination and obtain representa-

tive samples [28, 72-75]. Beyond the significance of geological storage sites, 

other components of the H2 infrastructure are also of substantial importance 

for ensuring the quality and safety of H2. These include electrolyzers, which 

are devices that produce H2 by means of water electrolysis, and HRS, which 

dispense H2 to fuel cell vehicles [73, 74, 76]. Continuous monitoring of H2 qual-

ity is therefore essential at all these points, as contaminants or contaminant 

peaks have the potential to compromise the material resistance of the fuel cell 

and storage systems and, consequently, operational safety. A recent example 

from Poland offers a practical illustration of this phenomenon. The utilization 

of fuel cell-powered buses was subject of considerable attention, with several 

buses being withdrawn from service due to inadequate H2 quality provided by 

the supplier [77]. This incident underscores the severity of H2 purity as a critical 

factor in the operation of fuel cell vehicles and the increased sensitivity of these 

systems to variations in gas quality. The process of sampling and analyzing H2 

at various locations, including electrolyzers, salt caverns, and HRS, poses sig-

nificant methodological challenges. Given the wide range of environmental 

conditions, operating pressures, and gas compositions that may be encoun-

tered, it is important to acknowledge the potential for significant variability in 

H2 composition and contamination profiles. Consequently, precise, standard-

ized, and reproducible sampling, in conjunction with capable analytics, is es-

sential to obtain meaningful data on H2 quality. 
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These analyses are not only relevant from a technical perspective, but also 

contribute to the social acceptance of H2 technology. The safety of H2 storage 

facilities and infrastructure is a key concern for the public and political stake-

holders. The credibility and dependability of the analytical methodologies and 

the documentation of the outcomes can foster confidence and facilitate the 

acceptance of the energy transition. 

Despite the evident potential of H2 storage in salt caverns, numerous technical, 

safety-related, and economic concerns persist. The complexity of the geologi-

cal, chemical, and mechanical conditions demands an in-depth understanding 

and interdisciplinary research approaches. The subject under investigation in 

this study is of significance for the advancement of the H2 economy and the 

effective realization of the energy transition. 

1.2 Aim and Outline 

The primary objective of this scientific work is to investigate the impact of H2 

storage in salt caverns on the purity of H2. This investigation is driven by the 

necessity for large-scale storage solutions to address the challenges posed by 

the energy transition and the transformation of the transportation sector. The 

aim is to realize the storage of H2 within salt caverns and its subsequent utili-

zation in fuel cell systems or industrial applications that demand high stand-

ards for H2 purity. A high-precision gas analysis for H2 was methodically de-

veloped in the laboratory, accompanied by the establishment of sampling pro-

cedures. Furthermore, a comprehensive analysis of the H2 stored within the 

cavern was conducted, considering the specific conditions of H2 storing salt 

caverns. To this end, various steels commonly employed in salt caverns were 

examined to evaluate their resistance to H2 for salt cavern application. The 

findings of this research have been disseminated through three peer-reviewed 

publications. The following sections present the individual contributions of the 

studies to the described research questions. 
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In order to carry out samplings and analyses of H2, to assess possible contam-

inations after cavern storage and thus to evaluate the suitability of H2 storage 

in salt caverns for fuel cell applications, it is first necessary to establish a ca-

pable, high-precision gas analysis system, including calibration and sampling 

strategies as a basis for subsequent studies. This objective was explored in 

the first publication (Chapter 4). Specifically, analysis in accordance with 

EN 17124 [65] and ISO 14687:2019 [68] (ISO 14687) serves as the fundamen-

tal basis for all considerations of H2 purity. The objective was accomplished 

via a gas analysis that was based on ion-molecule reaction mass spectrometry 

(IMR-MS) and established using analyses of H2 samples from HRS. To vali-

date performance and further development of this analysis technique, the first 

publication focused additionally on contamination-free and fuel cell electric ve-

hicle-independent sampling of H2 with a mobile tank system at HRS and de-

termination of H2 purity based on this combination subsequently. In essence, 

this publication, which concentrates on the methodology, serves as the funda-

ment for the third publication (Chapter 6). 

The objective of the second publication (Chapter 5) was to investigate the dif-

ferences between H2 storage caverns and conventional natural gas storage 

caverns with respect to applied casing steels. A comparative analysis of two 

distinct steel types was conducted to assess the unique properties of H2 in 

relation to storage methodologies. In one set of experiments, a recently devel-

oped pipeline steel was exposed to simulated salt cavern conditions with H2 in 

a high-pressure reactor. In another set of experiments, an already established 

steel for natural gas caverns was tested. The primary focus of the study was 

to assess the material changes (aging effects) caused by H2, with a particular 

emphasis on corrosion and crack formation, as well as the underlying mecha-

nisms that facilitate these effects. The findings of this study will contribute to 

the evaluation of steels that have demonstrated compatibility for the safe op-

eration of H2-storing salt caverns. 

The findings of publication 1 (Chapter 4) concerning the sampling and analysis 

of H2, in conjunction with the outcomes of publication 2 (Chapter 5) addressing 
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the material-related operation of H2-storing salt caverns, form the fundamental 

basis for the third publication (Chapter 6). This publication aims to address the 

overarching research question of this work, namely the influence of H2 storage 

in salt caverns on the quality of H2. In addition to advancing and transferring 

the gained scientific knowledge concerning gas analysis and sampling from 

HRS to salt caverns in accordance with EN 17124, the objective of the third 

publication was to assess the H2 quality after cavern storage, to correlate the 

obtained results with the cavern conditions considered in the second publica-

tion, and to identify the implications for the utilization of H2 cavern storage for 

fuel cells. 

In the final Chapter 7, a summary of the conclusions of the three publications 

is outlined, with a particular emphasis on the findings of the third publication, 

which addresses the question of whether H2 stored in salt caverns can be uti-

lized directly in fuel cells. The outlook section provides a comprehensive over-

view of the potential for salt caverns in Germany to transform various energy-

intensive sectors, along with the superior requirements for H2 quality in differ-

ent applications. 
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 Fundamentals and State of 

the Art 

This thesis studies H2 quality at HRS and salt caverns, and analyzes the ma-

terials used in underground H2 storage facilities. The first section of this chap-

ter highlights the exemplary application of fuel cells in mobility and the require-

ments for H2 as an energy carrier in this field. Next is a detailed examination 

of H2 storage in salt caverns. This section covers the geological and technical 

fundamentals, as well as the selection and properties of materials used for 

storage. The third section deals with the sampling of H2, an essential prereq-

uisite for valid purity analyses. The chapter concludes with a presentation of 

methods for analyzing H2 purity that take into account relevant standards and 

test procedures. 

This chapter provides the background necessary for understanding the com-

plex relationships between H2 quality, storage technology, and material behav-

ior. More detailed and in-depth descriptions of the respective topics can be 

found in the three publications that form an integral part of this cumulative 

work. 

2.1 Fuel Cells in Mobility  

Polymer electrolyte membrane fuel cells (PEMFC) dominate H2 applications in 

the transportation sector. They offer high power density and fast dynamics at 

moderate operating temperatures of around 60 to 80 °C [78-81]. Therefore, 

they are particularly attractive for light- and heavy-duty vehicles. In PEMFCs, 

H2 molecules split into protons and electrons at the anode. The protons then 

pass through the membrane to the cathode, reacting with O2 to form H2O [81]. 

The electrons generate a current that powers the electric motor. Compared to 
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battery-electric powertrains, this technology offers advantages in terms of en-

ergy density, enabling longer ranges, and shorter refueling times, which are 

key criteria for heavy-duty vehicles. 

Despite these advantages, there are still economic and infrastructural chal-

lenges. The high manufacturing costs of fuel cell systems result from the use 

of expensive precious metals, such as platinum for catalysts, as well as from 

relatively small-scale production [81]. Additionally, the supply of sufficient 

quantities of high-quality H2 is limited by the inadequate network of HRS [82]. 

Moreover, high operating pressures and frequently changing load conditions 

require robust fuel cell systems that ensure a high level of operational reliabil-

ity. 

The quality of the H2 used is critical to the reliability and service life of fuel cells. 

Minor contaminants, such as hydrogen sulfide (H2S), carbon monoxide (CO), 

ammonia (NH3), and organic compounds, can damage or reduce the efficiency 

of catalysts, negatively affecting system performance and maintenance inter-

vals [27, 28, 68, 71]. ISO 14687 [68] and EN 17124 [65] define concentration 

thresholds for specific contaminants to ensure the safe and efficient use of H2 

in PEMFCs. For instance, the threshold for the H2S concentration is 0.004 ppm 

(4 ppb) because even trace amounts can result in catalyst poisoning. 

The quality of H2 at HRS can be affected by potential sources of contamination 

throughout the supply chain [69, 70, 83-85]. Depending on the production pro-

cess, different contaminants can arise. For instance, in the steam reforming 

process, there is a risk that sulfur compounds, such as H2S, or organic sulfur 

compounds are not fully removed, leaving them in the H2. CO and me-

thane (CH4) can also occur as by-products. In electrolysis, however, contami-

nants in the feed water can cause NH3 and, depending on the process, traces 

of H2O and O2 to enter the H2. 

During compression, which is necessary to bring the H2 to pressures between 

35 and 70 MPa for vehicle refueling, lubricating oils and hydraulic fluids can 

enter the gas stream, resulting in organic contamination [86]. Additionally, 
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sealing materials and elastomers may release volatile organic compounds. 

Valves, filters, and other components in distribution systems can be sources 

of contamination. For instance, lubricants from valve mechanisms or residues 

from cleaning processes can reduce the purity of the H2 [87, 88]. Air leaks and 

other external influences can lead to the mixing of N2, O2, or CO2 with H2 [88]. 

The variety of potential contamination sources highlights the necessity of thor-

ough treatment and monitoring procedures throughout the entire value chain 

to reliably meet the stringent standards' requirements. Current research fo-

cuses intensively on identifying, quantifying, and controlling these contami-

nants [28, 66, 73, 89-91]. In addition to analysis, developing robust, low-con-

tamination sampling systems is a key priority because incorrect sampling can 

lead to falsified measurement results and, consequently, incorrect decisions 

[73, 75]. 

To ensure the quality of H2 at HRS, online monitoring systems are being im-

plemented to enable continuous monitoring of the gas composition [66, 90, 

92]. Despite established standards, studies show that compliance with H2 pu-

rity at HRS still needs more understanding in practice, making further optimi-

zation of quality assurance concepts necessary [75, 84, 91, 93, 94]. For H2O 

in particular, initial results from the European project "HyQuality Europe", 

which aims, among other things, to develop a European database on hydrogen 

quality at HRS, indicate that the threshold of 5 ppm is regularly exceeded [95]. 

In summary, ensuring the purity of H2 at HRS is crucial for developing the H2-

based mobility market. The complex challenges posed by contaminants 

throughout the supply chain require an integrated approach extending from 

production to delivery to the vehicle, incorporating technical and organizational 

measures. 
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2.2 Storage of Hydrogen in Salt Caverns 

The global energy transition demands a substantial transition toward renewa-

ble energies, whose production exhibits inherent volatility and is not always 

synchronized with consumption. Consequently, the development of efficient, 

large-scale energy storage solutions is crucial for ensuring flexibility and secu-

rity of supply. The predominant form of underground energy storage has been 

the utilization of natural gas storage facilities, which operate as a storage buffer 

between production and consumption [44, 45]. Salt caverns have been identi-

fied as a particularly suitable form of storage due to their high storage capacity, 

low space requirements, and dense, self-sealing salt structure [36, 37, 40, 46-

48, 96]. 

In the context of decarbonization initiatives and the expanding utilization of H2 

as an energy carrier, there is a growing imperative to repurpose existing natu-

ral gas salt caverns for H2 storage and to construct new caverns explicitly for 

H2 storage. A comparison of H2 and methane reveals differences in their phys-

ical and chemical properties, which consequently poses novel challenges for 

their storage. For instance, H2 exhibits a heightened risk of leakage, attributa-

ble to its reduced molecular diameter and elevated diffusion rate [96, 97]. Con-

currently, its lower energy density per unit volume demands increased storage 

capacities to preserve the same amount of energy as natural gas. 

The process of H2 storage occurs at various levels. On a small scale, pressur-

ized gas containers and liquid H2 tanks are primarily used for stationary appli-

cations or mobile use in vehicles. Pressure vessels are particularly suitable for 

short-term and small-scale storage, as they require high pressures of up to 

70 MPa and pose a risk of material fatigue. Although storing liquid H2 signifi-

cantly reduces the needed volume, it requires temperatures close to -253 °C, 

resulting in high energy consumption and technical complexity [93]. Large-

scale storage solutions are predicated on geological formations. In addition to 

depleted natural gas fields and aquifers, salt caverns are considered particu-

larly promising [34]. The properties of rock salt, including its extremely low 
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permeability, high mechanical strength, and capacity for self-sealing, facilitate 

safe and energy-efficient storage [36, 37, 40, 46-48, 96]. Furthermore, salt 

caverns are relatively straightforward to develop due to their geological for-

mation and already possess a partially established infrastructure for gas trans-

portation. 

The formation of salt caverns is a result of solution mining, a process whereby 

fresh water is pumped into the salt formation, causing the salt to dissolve. The 

brine that results from this process is then pumped out, creating cavities within 

the salt. These subterranean voids have the capacity to attain volumes of up 

to several million cubic meters and are characteristically situated at depths 

ranging from 500 to 1,400 m to withstand elevated levels of pressure [33]. The 

composition of the cavern walls is primarily rock salt, which undergoes a vis-

coplastic response to pressure, resulting in the rapid self-sealing of cracks [98, 

99]. Known from natural gas storage, gas losses are typically less than 1% per 

year, which positions salt cavern storage as an adequate solution for long-term 

storage. As a consequence of its unique physical characteristics, it is antici-

pated that H2 will cause higher leakage rates. It is noteworthy that, to date, 

only a limited number of caverns with the capacity to store 100% H2 have been 

constructed, which limits the reliability of the current data on hydrogen loss [96, 

100-104]. 

The geologically approved pressure range of the caverns is a critical factor in 

determining their storage capacity. A distinction is made between the cushion 

gas and the working gas of the cavern. In order to preserve the integrity of the 

cavern and thereby ensure its safety, a minimum gas pressure is designated 

for each individual cavity [105]. This minimum gas pressure is referred to as 

cushion gas. The difference between the maximum cavern pressure and the 

cushion gas is referred to as the working gas. The resulting pressure range of 

interest is from 4 to 20 MPa, with the minimum and maximum pressure being 

determined regularly by injection and withdrawal phases [100]. The mechani-

cal stability of a given structure depends on the morphology of the cavern, the 

salt structure, and the surrounding rock. Geomechanical models and 
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laboratory tests are employed to predict the long-term behavior of caverns un-

der dynamic loads [36, 106, 107]. 

Salt caverns offer a number of advantages over surface storage options, in-

cluding their substantial storage capacity, favorable economic efficiency, and 

environmental compatibility. The infrastructure is predominantly established, 

particularly in regions with established natural gas production and storage in-

frastructure [49]. However, specific challenges do exist. The high diffusivity of 

H2 requires greater emphasis on the sealing of caverns and boreholes [63, 96, 

97, 108-110]. The selection of materials for borehole cement and steel com-

ponents is of critical importance, as hydrogen embrittlement increases the risk 

of cracks and leaks. Another uncertainty factor to consider is that of microbio-

logical activity [111, 112]. Research has demonstrated that microorganisms 

present in salt caverns might utilize H2 as a primary energy source, employing 

metabolic processes to convert it into H2S and other gases [113]. These bio-

logical processes have the potential to compromise gas purity and storage ca-

pacity over time. However, the precise nature and frequency of these biological 

activities remain to be thoroughly investigated. 

The transition from natural gas to H2 in existing salt caverns is a complex pro-

cess that involves extensive adjustments [114, 115]. Initially, a comprehensive 

evaluation of the caverns' suitability for H2 storage must be conducted. For 

instance, this evaluation encompasses geomechanical stability, tightness, and 

microbiological aspects. Residual amounts of natural gas and other hydrocar-

bons have to be removed prior to H2 injection to prevent contamination. Pres-

sure control systems have to undergo adaptation, given that H2 possesses a 

lower energy content for a given volume. The infrastructure, including com-

pressors, have to be compatible with H2, particularly with regard to material 

compatibility and safety requirements. Regulatory approval is requisite for the 

conversion process, which involves comprehensive environmental assess-

ments. Of special note is the handling of brine and the management of solution 

mining, which have to comply with environmental regulations. Furthermore, the 
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implementation of operational safety concepts is crucial in the context of H2, 

given its heightened flammability compared to natural gas. 

The construction of new salt caverns for H2 is achieved through the process of 

controlled solution mining, with specific attention devoted to the design of the 

cavity, the stability of the walls, and the potential heterogeneities within the salt 

structure [33, 116]. The employment of N2 as a protective layer (blanket) during 

the solution mining process is instrumental in shaping the cavity and prevent-

ing the migration of fresh water for dissolution of salt towards higher salt layers 

[38, 117]. In contrast, various caverns in-service frequently utilized liquid hy-

drocarbons such as diesel or oil as a blanket, which can result in the formation 

of residues within the cavern structures [38]. These contaminations have to be 

removed prior to H2 storage in order to ensure purity. 

Research projects globally are dedicated to the optimization of H2 storage in 

salt caverns. Among others, the projects “H2Salt” [118], “H2Cast Etzel” [119], 

and “HyCAVmobil” [120] are realizing first storage facilities for 100% H2 and 

developing methodologies for grid-compatible integration of H2 storage tech-

nologies. A study [121] by the Institute of Energy Economics at the University 

of Cologne (EWI) examined salt caverns from an economic perspective. Ac-

cording to the life cycle and number of cycles, the levelized cost of storage 

(LCOS) ranges between 0.66 and 1.75 €/kg H2. However, with frequent utili-

zation, defined as several cycles per year, the cost declines to 0.45 €/kg. Fo-

cused on a seasonal cycle, due to reduced utilization, the LCOS increases to 

up to 3.50 €/kg. Internationally, large-scale projects provide clear examples of 

reliability: The Clemens salt dome gas storage facility in Texas stores H2 since 

1983 in over 60,000 cycles without failure and with a usability of over 99.8% 

[36, 100]. The ACES project in Utah examined the salt cavern storage of 8,000 

tons of H2, demonstrating a leak rate per cycle of less than 0.08% [36]. 

2.2.1 Materials for Underground Hydrogen Applications 

The storage of H2 in salt caverns poses significant challenges due to the ma-

terial properties of H2, as discussed in the previous chapter. These properties 
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can result in material degradation and functional limitations. The selection and 

testing of materials constitutes a central component of the planning, construc-

tion, and operation of H2 storage facilities. 

The primary materials utilized in salt caverns for H2 storage encompass struc-

tural steels for borehole casings, cements for sealing and sealing components, 

along with materials for compressors and pipes for the surface infrastructure 

[57, 58, 62, 63, 97, 108-110]. The cavern's composition is primarily rock salt. 

However, the contact surfaces between the borehole casing and the salt for-

mation represent critical transition areas, as different material properties con-

verge at these points [110]. 

High-strength carbon steels or alloy steels with optimized H2 resistance are 

primarily to be used in the area of borehole casing [122, 123]. In addition to 

mechanical strength, these steels have to demonstrate corrosion-resistance 

and high impermeability [64]. In recent years, a variety of novel materials and 

material modifications have been the focus of research to enhance the H2 com-

patibility and service life of cavern components. Alloyed steels with optimized 

microstructures exhibit enhanced hydrogen embrittlement resistance in com-

parison to conventional structural steels [122, 124]. Specifically, the develop-

ment of steels with refined grain boundaries and diminished inclusion levels 

has resulted in a reduction in hydrogen diffusion, thereby decelerating the pro-

cesses of embrittlement [58, 122]. Cements are utilized for the purpose of seal-

ing boreholes and acting as a barrier against gas permeation [110]. In this 

context, cementitious materials are utilized with the incorporation of water re-

pellents or specialized mineral additives. With enhanced mechanical proper-

ties and reduced porosity, these nanoscale additives aim to ensure the imper-

meability of the material to H2 and brine [110]. For surface installations, seals 

and connectors are composed of polymer materials and metal alloys that have 

been adapted to the H2 atmosphere [122, 123, 125, 126]. Fluorocarbon-based 

polymer seals, including polytetrafluoroethylene (PTFE) and fluorine rubber 

(fluor caoutchouc material, FKM), have demonstrated effectiveness as perme-

ation barriers for H2 applications, particularly under dynamic conditions [127, 
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128]. These approaches offer potentially viable solutions for prolonging the 

service life of materials in components subjected to mechanical and chemical 

stress. 

Material aging in environments containing H2 is a complex process that is par-

ticularly characterized by hydrogen embrittlement [129-132]. The penetration 

of hydrogen atoms into the metal lattice can induce embrittlement effects by 

reducing cohesion at grain boundaries or by promoting microcracks. These 

effects often only become apparent under mechanical stress, such as pressure 

cycles during storage operation, and can lead to sudden failure. Another mech-

anism is hydrogen-induced cracking, in which H2 accumulates in local stress 

peaks and increases embrittlement there [58]. In combination with corrosion 

caused by brine or residual moisture, hydrogen corrosion can occur, which 

further damages the material. In cements, stressing conditions (e.g. changes 

in moisture, pressure, and temperature) under H2 atmosphere have shown to 

lead to mechanical and chemical degradation with microstructural changes 

[133, 134]. Polymer sealing materials are susceptible to degradation under 

conditions of H2 with pressure and temperature stress, which leads to changes 

in their physical and mechanical properties and affects the performance of in-

dividual polymers [128, 135, 136]. This phenomenon compromises the integ-

rity of the cavern seal, jeopardizing safety. 

A wide range of test methods are employed to ensure that the materials used 

are suitable for application with H2 [123, 131, 133]. Mechanical tests encom-

pass tensile and compression tests, in which samples are subjected to stress 

under controlled H2 atmospheres to investigate embrittlement and behavior 

related to elongation. Charpy impact tests are employed to determine impact 

strength, as embrittlement, characterized by the reduction in fracture tough-

ness, which can significantly impact the durability and performance of materi-

als. Microscopic investigations employing scanning electron micros-

copy (SEM) and transmission electron microscopy (TEM) offer insights into 

grain boundaries, phase distributions, and crack formation at the micro- and 

nanoscale. Furthermore, spectral analyses, including energy dispersive X-ray 
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spectroscopy (EDX), are employed to determine the composition and pres-

ence of contaminants. Chemical tests are designed to evaluate corrosion re-

sistance, frequently conducted in specialized hydrogen-enriched solvents or 

simulated brine environments. Other innovative methods include hydrogen 

permeation tests, which quantify the diffusion rate of hydrogen through the 

material. These are critical for evaluating long-term behavior and leakage 

risks. 

The selection of materials for utilization in H2 salt caverns is predicated on a 

multifaceted catalog of criteria. In addition to mechanical stability and corrosion 

resistance, the key requirement is hydrogen embrittlement resistance. The ma-

terials under consideration should exhibit low hydrogen absorption, a micro-

structure that prevents crack formation, and good ductility at low temperatures. 

In the context of borehole casings, compatibility with brine and its chemical 

components is a critical aspect, as these elements can enhance the potential 

for corrosive influences. In addition to impermeability, cements have to ensure 

thermal stability and adequate adhesion to steel. The selection of materials is 

still subject to the influence of economic factors, the availability of materials, 

and their processability. Integration into existing technical systems and com-

pliance with regulatory requirements, particularly with regard to safety and en-

vironmental protection, are crucial. 

2.3 Sampling of Hydrogen 

The sampling of H2 represents a key challenge in the quality control and anal-

ysis of this energy carrier [28, 93, 94]. Special methods and systems are re-

quired to obtain representative samples without further contamination, e.g. by 

atmospheric O2, and to reliably detect contaminants. Two primary options exist 

for the analysis of H2 samples: online analysis (on-site) and offline analysis of 

samples sent to a laboratory [75, 90]. Given the limited availability of online 

analyzers that meet the standards outlined in EN 17124 for H2 analysis, the 

subsequent chapter will direct its attention to sampling for laboratory-based 
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(offline) analysis. The method involves the practice of spot sampling, i.e. a 

sample is collected at the point of delivery of the H2 (e.g. HRS, electrolyzer, 

salt cavern) and subsequently analyzed in a time-independent manner. The 

sampling method employed significantly impacts the quality and validity of the 

analysis results. However, the primary aim is to attain consistent results across 

different sampling methods and devices [73, 91]. For this, the objective for 

sampling is to mitigate the occurrence of false-positive results, which arise 

when the sampled H2 is of sufficient quality but the sampling process itself 

introduces contamination, and false-negative results, which occur when the H2 

is contaminated but the contaminations are not detected due to the sampling 

process. 

2.3.1 Sampling Systems 

The sampling systems under consideration differ in terms of their design and 

the materials used. Two primary sampling methods are generally recognized 

[75]. The H2 to be sampled can be filled into sampling containers using either 

the gas serial method or the gas parallel method, which involves sampling with 

a T-piece parallel to the normal gas flow. Both variants, including selected ex-

amples, are described in ISO 19880-9:2024 [137] for HRS sampling. In the 

United States, the gas serial method is employed in accordance with the pro-

visions of ASTM D7606-24a [138]. In accordance with this standard, sampling 

systems from Air Liquide and ENGIE are employed in Europe for HRS sam-

pling [75]. The Japanese system utilizes an approach comparable to the afore-

mentioned systems and is frequently referred to as the direct method, a sub-

category of the gas serial method [73]. In contrast to the standard gas serial 

method, this direct method does not utilize sampling cylinders with valves on 

both sides (double-ended). Instead, it employs single-ended cylinders [73, 75, 

139]. It is important to note that both variants generally require manual control 

and monitoring of the HRS or electrolyzer operator during the sampling pro-

cess. A variety of systems are available on the market for the sampling of H2 

beyond HRS sampling, e.g. from Swagelok, which typically adhere to the gas 

serial method with double-ended cylinders. 
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Next to the gas serial method, the second approach is the gas parallel method, 

which is predominantly employed for HRS sampling [28, 73, 75, 93, 139]. Sys-

tems based on this method include the Linde Qualitizer [137] and the Hy-SaM 

sampling device [137], which are comparable to the Japanese approach of 

direct filling of single-ended sampling bottles. However, the sampling process 

is carried out concurrently with the refueling of a fuel cell electric vehicle 

(FCEV) at the HRS, thereby eliminating the need for operator intervention in 

the else automated HRS refueling processes. The Hy-SaM can also be utilized 

to select the gas direct method without connected FCEV when sampling from 

locations other than HRS (e.g. electrolyzers, caverns). Aarhaug et al. [73] con-

cluded in their study, that no significant discrepancies in the measured con-

tamination levels of H2 are to be anticipated between the gas serial/direct and 

gas parallel method under the condition of considering the device-specific 

properties and prescribed purging procedures. 

2.3.2 Sampling Cylinders 

The selection of sampling cylinders or bottles is dependent on the devices dis-

cussed in the previous section. The volume (and thus the size) of the contain-

ers, as well as their shape (whether single- or double-ended), the material from 

which they are composed, and the coating/passivation vary. In the gas serial 

method, double-ended sampling cylinders are typically employed to ensure a 

thorough purging process [73, 75]. Conversely, single-ended cylinders are em-

ployed in the parallel gas method, which have undergone a preliminary flush-

ing process [73, 75]. The volume of the cylinders is typically between 0.5 and 

10 L. The material used is either stainless steel or aluminum. Research indi-

cates that certain reactive contaminants defined by EN 17124 require the ap-

plication of a protective coating inside the cylinders [75]. These challenging 

contaminants are in particular H2S, NH3, formaldehyde, and formic acid, which 

might react with or adhere to aluminum and stainless steel [75]. Typically for 

aluminum cylinders, SGS cylinders (Luxfer, UK), DB Gold passivated (Ef-

fectech, UK), or SPECTRA-SEAL passivated (BOC, UK) cylinders are used 

[28, 73, 75, 93, 94]. An alternative method involves the coating of stainless-
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steel cylinders, particularly those of smaller dimensions, with inert functional-

ized hydrogenated amorphous silicon. Examples of such coatings include Sul-

finert® or SilcoNert® 2000 [69, 140, 141]. Recent studies demonstrate the sta-

bility of various contaminants in DB Gold-coated aluminum and Silconert® pas-

sivated stainless-steel cylinders [28, 93]. However, the suitability of DB Gold 

cylinders for H2S measurements is limited. 

2.3.3 Preparations for Sampling  

The sampling systems, which include the sampling cylinders, vary in their prep-

aration steps for sampling at HRS and other locations. A distinction is generally 

made between two categories of preparations: those conducted in a laboratory 

setting and those at the sampling point itself. In the laboratory setting, sampling 

bottles are typically subjected to multiple cycles of depressurization and pres-

surization using H2, N2, or Helium (He) [74, 75]. The utilization of vacuum 

pumps for evacuating the cylinders was demonstrated to enhance the effec-

tiveness of the purging process [74, 93, 94]. In the case of single-ended cylin-

ders, these are typically filled with high-purity H2 prior to sampling [75]. With 

the gas parallel method and/or single-ended cylinders, additional purging is 

carried out on-site using the H2 to be sampled by means of compression/de-

compression processes [75]. In the context of the gas serial method, it is a 

common practice to purge the double-ended cylinders at the sampling site with 

the H2 to be sampled [75]. According to the provisions stipulated in 

ASTM D7606:24a, the requisite quantity of H2 for purging purposes is deter-

mined to be one kilogram [138]. 

2.4 Analysis of Hydrogen 

Contaminants in H2, such as CO, O2, H2O, or sulfur compounds, have a sig-

nificant impact on the functionality and service life of fuel cells, even at very 

low concentrations [27, 142]. The precise and reliable determination of these 

and other contaminants specified in EN 17124 is therefore of high importance. 



 Fundamentals and State of the Art 21 

A range of analytical methodologies are employed to assess contamination, 

varying in terms of sensitivity, selectivity, measurement duration, and practical 

applicability. Gas chromatography (GC) is a technique that has demonstrated 

its widespread utility in the analysis of gaseous components [66, 67, 84, 91, 

94, 143]. The basis of this technique is the chromatographic separation of an-

alytes on a column, which is based on different physical interactions. The uti-

lization of thermal conductivity detectors (TCD), flame ionization detec-

tors (FID), and pulsed discharge helium ionization detectors (PDHID) are of 

particular relevance in the detection of separated components [67, 84, 91, 94, 

143]. The TCD is well-suited for the measurement of permanent gases, includ-

ing He, N2, O2, CO, and CO2, due to its underlying measurement principle and 

its broad range of applications. However, its sensitivity is lower than that of 

other detectors. The FID demonstrates a high degree of sensitivity to organic 

compounds. Consequently, it is employed for instance in the detection of vol-

atile organic contaminants in H2 [67, 91, 94, 143]. Gas chromatography is dis-

tinguished by its high separation efficiency and reproducibility. However, the 

measurement time is generally quite extensive, ranging from 10 to 30 minutes, 

which hinders the feasibility of real-time monitoring. Furthermore, the method 

demands precise sample preparation and calibration, which elevates the op-

erational effort. Notwithstanding these limitations, GC is frequently utilized as 

a reference method, particularly for obligatory quality analysis at HRS [67, 84, 

91, 94, 143]. 

Mass spectrometry (MS) based methods are becoming increasingly important 

in H2 analysis because they offer high sensitivity and selectivity and often en-

able real-time or close to real-time measurements. MS is an analytical tech-

nique that relies on the ionization of molecules, followed by their separation 

and detection based on their mass-to-charge ratio [66, 67]. Conventional com-

binations of GC with MS (GC-MS) facilitate precise identification and quantifi-

cation of contaminants through chromatographic separation. However, analo-

gous to pure GC, GC-MS is characterized by a substantial time investment. 

Advancements in mass spectrometry, exemplified by quadrupole-based MS, 

time-of-flight MS (TOF-MS), and high-resolution MS (HR-MS), have enabled 
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direct analysis without the need for prior chromatographic separation [66]. 

These direct injection MS methods have the capability to detect gases close 

to real time with detection limits in the ppm to ppb range, rendering them par-

ticularly well-suited for continuous monitoring of H2 in dynamic systems, such 

as HRS or salt caverns [67, 91, 94, 143]. The versatility of MS and its capacity 

for multi-component analysis are fundamental to present-day H2 analysis. The 

ability to identify contaminants with high specificity through targeted IMR-MS 

signifies a substantial advancement and is progressively employed in research 

and industrial applications [84, 89, 91]. Unlike conventional MS methods (e.g. 

electron impact), which ionize analytes directly, IMR first ionizes primary ions 

(e.g. xenon or krypton) and subsequently transfers the ionization energy of 

these positively charged ions to the analytes. In the next step, the analytes are 

separated using a quadrupole mass filter. Due to the lower ionization energies, 

less fragmentation results, which simplifies separation when different analytes 

are present simultaneously and achieves lower detection limits [89, 144]. 

In addition to GC and MS, Fourier transform infrared spectroscopy (FTIR) is a 

well-established method for analyzing gaseous contaminants in H2 [66, 89, 91, 

139]. FTIR utilizes the specific absorption of infrared light by molecular vibra-

tions. This method is ideal for the rapid and non-contact determination of gas-

eous contaminants, such as CO, CO2, and H2O [66, 89, 91, 139]. A notable 

benefit of FTIR is its minimal requirement for sample preparation, which accel-

erates the measurement process, leading to its optimal performance for on-

site measurements. However, IR-inactive gases, such as N2 and O2, cannot 

be detected by FTIR. Likewise, cavity ring-down spectroscopy (CRDS) is a 

technique comparable to FTIR in that both methods rely on optical absorption 

to measure gas concentrations [66, 91]. However, CRDS utilizes a highly re-

flective optical cavity to determine the decay time of light. Usually, the method 

exhibits high sensitivity and low detection limits. CRDS was demonstrated to 

have the capability of detecting gases that are otherwise challenging to meas-

ure by alternative spectroscopic methods (e.g. by FTIR), primarily due to their 

low concentrations within the sample [66]. However, the technique requires 

the use of sophisticated measuring equipment and is susceptible to alignment 
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errors and mirror contamination. Consequently, FTIR and CRDS are typically 

employed as complementary analytical methods to other techniques. Further-

more, electrochemical sensors are employed to continuously monitor individ-

ual gas components [66, 84]. These sensors are characterized by their afford-

ability and compact size. However, they suffer from constrained selectivity and 

sensitivity, positioning them for application in uncomplicated monitoring sce-

narios, as opposed to comprehensive quality assessment. 

Meeting the requirements of EN 17124 [65] demands rigorous analytical mon-

itoring of H2 quality. This standard specifies thresholds for a wide range of 

contaminants to ensure the compatibility of H2 with PEMFC. Typical thresholds 

are, for example, 0.2 ppm for CO, 2 ppm for CO2, 300 ppm for N2, 5 ppm both 

for O2 and H2O, and 4 ppb for the sum of all sulfur-containing compounds. The 

analytical methods must possess the capability to accurately and reliably meet 

these boundaries, often accomplished by employing a combination of diverse 

techniques.  

ISO 21087:2019 [143] (ISO 21087) represents a significant addition to the 

aforementioned standard, as it focuses specifically on the requirements for an-

alytical methods for H2 quality. According to ISO 21087, the comprehensive 

minimum requirements for analytical methods are defined, e.g. in terms of sen-

sitivity, accuracy, calibration, and validation. This approach guarantees that 

the methods employed possess the proficiency to measure contaminations 

with detection limits that are considerably lower than the thresholds defined in 

EN 17124. Specifically, ISO 21087 stipulates that each method must undergo 

systematic validation. This encompasses the determination of limits of detec-

tion (LOD) and limits of quantification (LOQ), the assessment of linearity over 

the relevant concentration range, as well as the evaluation of the accuracy, 

precision (repeatability and reproducibility), and specificity of the method. The 

standard emphasizes the transparent documentation of measurement uncer-

tainty. It is essential to consider all influencing factors, ranging from the sam-

pling process to the instrumentation utilized, to ensure the reliability of the qual-

ity statement derived from the uncertainty calculation. Quality control 
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measures, including regular repeating measurements, blind samples, and con-

trol standards, are mandatory to ensure the stability of measurement proce-

dures over time [143]. 

In practice, the requirements of EN 17124 and ISO 21087 have a significant 

influence on the choice and design of analytical methods for H2 contamination 

analysis. GC with TCD and FID is frequently utilized as the standard method 

due to its ability to provide the requisite sensitivity, selectivity, and separation 

capability [66, 67, 84, 91, 94, 143]. Typical detection limits for permanent gases 

such as CO and CO2 with TCD range from 3 to 25 ppm, depending on the 

column and detector design [67, 84]. The FID was demonstrated to achieve 

detection limits in the low ppb range (10 - 100 ppb) for organic compounds. 

The integration of GC-MS was demonstrated to enhance the identification ca-

pabilities and frequently reduce detection limits to the sub-ppb range (e.g. for 

hydrocarbons or sulfur-containing species), particularly when direct injection 

MS specialized with ionization techniques like IMR-MS and HR-MS are em-

ployed [67, 84]. Due to its physical measurement principles, FTIR and CRDS 

typically achieve detection limits in the lower ppb range, hence making it suit-

able for rapid qualitative and quantitative analyses [67, 94]. Electrochemical 

sensors have been shown to have variable detection limits of approximately 

0.5 ppm [84]. However, these sensors are primarily suitable for monitoring in-

dividual components (e.g. O2) and do not always fully comply with all standard 

requirements. 

Ensuring compliance with detection limits and careful selection of calibration 

strategies are crucial to meet the requirements of the standards and maintain 

reliable H2 quality control. Calibrations entail the use of certified gas mixtures, 

whose concentrations are known and can be traced to international standards 

[67, 145]. These gas mixtures find application in both the initial calibration pro-

cess and the verification of regular calibration. ISO 21087 requires that cali-

brations be performed within the concentration ranges relevant to the applica-

tion (in proximity to the thresholds specified in EN 17124) and that multiple 

calibration points be used to verify linearity [143]. Furthermore, the utilization 
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of internal standards and methods, such as isotope dilution, was demonstrated 

to enhance measurement accuracy. 

In general, the integration of MS, GC, and complementary spectroscopic meth-

odologies facilitates the detection of a broad spectrum of contaminants in H2 

with high sensitivity and reliability. The stringent requirements of ISO 21087 

for detection limits, calibration, and quality control ensure that the measure-

ment results are not only accurate but also robust and reproducible. These 

analytical requirements are crucial for meeting the specifications of EN 17124 

and ensuring the performance of the H2 infrastructure. 
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4.1 Abstract 

Hydrogen used in proton exchange membrane-based fuel cell applications is 

subject to very high quality requirements. While the influences of contamina-

tions in hydrogen on long-term stability have been intensively studied, the pu-

rity of hydrogen for mobile applications provided at hydrogen refueling stations 

(HRS) is rarely analyzed. Hence, in this study, we present sampling of hydro-

gen at HRS with a specially designed mobile tank for up to 70 MPa. These 

samples are precisely analyzed with a sophisticated ion molecule reaction 

mass spectrometer (IMR-MS), able to determine concentrations of contami-

nants down to the ppb-level. Sampling and analysis of hydrogen at an HRS 

supplied by electrolysis revealed a high purity, but likewise considerable con-

taminations above the threshold of the international standard ISO 14687:2019. 

In this study, a state-of-the-art analysis coupled with a developed methodology 

for fuel cell electric vehicle-independent sampling of hydrogen with a mobile 
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tank system is demonstrated and applied for comprehensive studies of hydro-

gen purity.  

4.2 Introduction 

Establishing sustainable and cost-optimized options for the energy supply is a 

key task during the energy transition process from a fossil to a renewable en-

ergy generation of the upcoming years. Particularly in the transportation sec-

tor, locally emission-free vehicles are gaining more relevance in urban areas 

[146, 147]. In addition to battery electric vehicles (BEV), fuel cell electric vehi-

cles (FCEV) powered by hydrogen offer the option for zero emission driving 

with fast refueling capability even for long range travels [148]. The needed hy-

drogen can be synthesized by a variety of methods; up to now the majority of 

hydrogen is produced by steam reforming of natural gas [149]. For emission-

free fuel cell mobility, however, the production of hydrogen e.g. via electrolysis 

plants using renewable energy sources is required [148]. For the provision of 

both, seasonal and inter-seasonal energy storage of green hydrogen, salt cav-

erns can be used to store relevant amounts of energy and to address alterna-

tive energy pathways for sector integration with hydrogen [4, 26, 150-153]. 

Stationary fuel cells can consequently use the chemically stored energy by 

hydrogen to balance seasonal fluctuating power generation sources as 

needed. 

It is known that contaminants or noxious gases in hydrogen are responsible 

for numerous degradation modes within the fuel cell [27, 68]. To avoid damage 

processes initiated by these compounds, international standards for the quality 

of hydrogen set precise limits for contaminations allowed in hydrogen. These 

are namely ISO 14687:2019 [68], SAE J2719:2020 [154] and 

DIN EN 17124:2019 [65]. While the individual effects of the noxious gases 

have been studied intensively [27, 68-71], the simultaneous analysis of all con-

taminants in hydrogen is far from trivial due to the very small concentrations in 

the low ppm and ppb-range [140]. The wide range of different contamination 
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species further renders the measurements with a single analytical method. An-

other issue involves the influences of the supply chain to the HRS including 

production processes (e.g. electrolysis and steam reforming), transportation, 

and storage of hydrogen in salt caverns, which are little studied as an integral 

system [26, 83-85, 140, 155]. 

For validation of probing and subsequent analysis, it is essential that the hy-

drogen from approached hydrogen refueling stations (HRS) is sampled and 

analyzed by various laboratories with different sampling devices and analyza-

tion instruments. Interlaboratory studies have barely been carried out to date, 

and if so, then usually only with respect to individual components [74, 76]. 

Standardized procedures for contamination-free sampling with predefined pro-

tocols do not exist or are not sufficiently detailed. Especially for sampling at 

HRS a method on a kilogram scale at 70 MPa is needed. However, transpor-

tation to the site of the analysis poses a challenge since no conventional gas 

cylinder can be used [72]. 

For the investigation of hydrogen in the ppb-range at HRS, only a couple of 

devices for sampling at 70 MPa exist [156]. Commercially available are in par-

ticular the H2 Qualitizer from Linde and an alternative system from Air Liquide 

[76]. As in this study, self-designed sampling devices are often used, which 

are filled in three distinct ways. Firstly, the sampling device is evacuated in the 

laboratory for a defined time before sampling, followed by refueling at the HRS 

[157]. Alternatively, the device is used directly without prior cleaning at the 

HRS. Either the sampling takes place after initial purging with an open end 

using a vent hose or by sampling a reasonable large amount of hydrogen and 

then depleting it to the minimum pressure before refueling the sample to be 

analyzed [76, 158, 159]. 

Regarding the analytical instruments used, also different non-standardized 

methods are applied in general. Only a few instruments can cover the entire 

ISO 14687 and EN 17124 measurement range. Usually, a combination of dif-

ferent instruments is used to measure the entire standard [67, 76, 84, 140, 

143, 160]. Common analytical methods are in particular those based on gas 
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chromatography (e.g. coupled with mass spectrometry (GC-MS) or with flame 

ionization detector (GC-FID)) and infrared spectroscopy [67, 84]. Especially 

the latter is also applicable for reactive contaminants and therefore species, 

which are generally difficult to detect. In the end, cost and reliability usually 

determine which instruments are used in the laboratory. Particularly in the case 

of infrared spectroscopy, the high level of resolution possible in combination 

with the pre-calibrated instruments is obviously advantageous in terms of ex-

penditure and follow-up costs. Common gas chromatographs likewise provide 

a high resolution for stable components such as hydrocarbons and nitrogen, 

but can only be used to a limited extent for reactive species such as ammonia, 

formaldehyde and halides [160].  

In this study, a high-performance gas analysis is combined with a self-de-

signed and FCEV-independent mobile sampling device and a specifically de-

veloped method for contamination-free sampling of hydrogen at HRS with 

70 MPa. With the application of high-resolution mass spectrometry based on 

ion molecule reactions and use of suitable calibration gases, particularly low 

detection limits on the ppb-scale can be achieved. Thus, nearly the entire 

ISO 14687 and EN 17124 standard are covered. Sampling is performed with 

a customized mobile tank in relevant size, which is particularly needed for sam-

pling on HRS due to its similarity to tanks installed in mass production FCEV 

and its mobile properties. Outstanding advantages of the mobile tank system 

used in this study, besides the highest comparability of the contaminations in 

the tank due to the similarity with FCEV, are the realization of the FCEV-inde-

pendent sampling of hydrogen at HRS on 70 MPa level. Particularly in the case 

of HRS that are still to be commissioned or after maintenance, however, sam-

pling and analysis of the contaminations can be carried out before the first 

FCEV is refueled and the fuel cell is consequently exposed to potentially harm-

ful contaminations. 

For the sampling and subsequent analysis in the laboratory, the methodology 

for contamination-free sampling and analysis presented in this paper will be 

applied. Thus, an understanding of the complexity of the international 
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standards with sampling and analysis will be generated and selected results 

of a hydrogen analysis will be presented. Finally, the results show the need for 

more standardized procedures for comparability between measurements of in-

dividual laboratories and more comprehensive analyses of hydrogen with re-

spect to critical components. In particular, round-robin tests to determine the 

quality of analysis of the laboratories and the sampling procedures are neces-

sary to establish a convincing hydrogen infrastructure for the future. 

4.3 Materials and Methods 

4.3.1 Mobile Tank for Sampling of Hydrogen 

For the sampling of hydrogen at HRS, a self-designed composite type IV high-

pressure hydrogen tank (Figure 1) similar to that in fuel cell vehicles is used. 

The tank has a polyethylene (PE) liner and a carbon woven wrapped structure. 

With a length of 840 mm and a diameter of 310 mm, the net volume for hydro-

gen storage is 37 liters. The maximum pressure for storing the hydrogen is 

70 MPa, resulting in a maximum capacity of approx. 1.45 kg of hydrogen. The 

size of the tank was chosen that the tank, including all connections and cou-

plings, can be transported in the trunk of a larger vehicle while complying with 

all necessary safety transport standards. The periphery surrounding the actual 

tank was designed to be as compact as possible. A flow diagram including the 

assembled parts is shown in Figure 1. Included directly on the tank are an on-

tank-valve (OTV), the inlet pipe with a receptacle for the nozzle, an outlet pipe 

with filter element, pressure reducer valve (PRV) and manual shutoff 

valve (MV), and a thermal safety valve (thermal pressure relief device, TPRD) 

including a vent pipe. On the OTV, in addition to the electronically controlled 

valve unit, there is a manual valve common to the inlet and outlet, a pressure 

sensor and a temperature sensor for monitoring the temperature inside the 

tank. A programmable logic controller (PLC) with an HTML interface controls 

the outlet valve and allows for registering and recording pressure and temper-

ature. The outlet pipe includes a quick connecter for mounting a ¼" hose. At 
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the inlet is the receptacle to mount the standardized nozzle to the HRS. In this 

case, a WEH® TVR1 H2 70 MPa has been installed. The system can be used 

for sampling at 35 MPa and 70 MPa as the receptacle for 70 MPa is compati-

ble for both. With all mentioned mounted components and attachments, the 

overall dimensions (length x width x height) of the mobile tank system are 

1025 mm x 620 mm x 540 mm. 

The tank and the used materials have a significant influence on the composi-

tion of the hydrogen to be analyzed. Studies have shown that especially the 

tank, valve and piping materials (e.g. aluminum, stainless steel, coatings such 

as SPECTRA-SEAL® and SilcoNert®) have an influence on the stability of 

individual contaminations and thus on the final analysis result [161, 162]. The 

transport properties, stability of contaminants and possible effects on the fuel 

cell of the hydrogen in the used mobile tank after refueling are similar to those 

of a fuel cell vehicle. Both, the mobile tank and the attached OTV with the 

couplings are identical or directly comparable to the parts installed in the Hyun-

dai ix35 Fuel Cell. In both cases, a type IV tank [163, 164] with PE liner is used, 

so the materials (stainless steel 1.4404 and PE) that come into contact with 

hydrogen are largely similar. 

A fuel cell vehicle is often required for hydrogen sampling [76, 84, 159]. In that 

case, the sampling device is bypassed between the HRS and the vehicle. This 

has several detrimental consequences. Firstly, a fuel cell vehicle to be refueled 

must be available and the vehicle's tank must be almost empty. Moreover, it is 

not possible to purge the sampling device on-site at the HRS, since the fuel 

cell vehicle can only be refueled once due to the size of the tank. In this study, 

the outstanding advantage of the design of the tank is that, compared to other 

sampling devices, no fuel cell vehicle is required. The mobile tank itself is suit-

able for refueling beyond the usage of the HRS’s maintenance program. Nor-

mally, the HRS communicates with the tank or vehicle via an infrared interface. 

Here, information is shared regarding the current pressure and the pressure to 

be achieved, the temperature and the size of the tank. The exact specifications 

can be found in the refueling standard SAE J2601 [165]. In the case of the tank 
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used in the study, there is no communication interface built in. As a conse-

quence, a complete fast refueling according to the standard [165] cannot be 

performed. Instead, in normal mode, the HRS automatically selects the 

method for refueling without communication. The maximum pressure and the 

flow rate are limited. However, these limitations have no negative conse-

quences other than the maximum pressure levels will not be reached. 

 

Figure 1. (a) Scheme and (b) picture of the mobile 70 MPa type IV tank system for sam-

pling hydrogen at hydrogen refueling stations for impurity analysis in the laboratory, 

with a directly on the tank mounted on-tank-valve (OTV), inlet pipe with a receptacle 

for the fueling nozzle, outlet pipe with filter element, pressure reducer valve (PRV) and 

manual shutoff valve (MV), and a thermal safety valve (thermal pressure relief device, 

TPRD) including a vent pipe. 

Concerning safety issues, some precautions are taken on-site during refueling 

at the HRS and transportation. The OTV is designed normally-closed, so open-

ing of the valve is only possible when electrical power is supplied via the PLC. 

The mobile tank is mounted on conductive wheels and a ground connection 

with appropriate cable length guarantees grounding during refueling and de-

pressurization in the laboratory. The dimensions of the mobile tank are suffi-

ciently compact to allow it to be transported in the trunk of a larger vehicle. 

During transport, several other safety precautions are maintained. The manual 

valve on the OTV is closed and residual hydrogen is released from the inlet 

and outlet pipes in a controlled manner using the MV. With the aid of a hydro-

gen sensor, the entire sampling device is checked for gas leakages and this is 
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documented for later tests. During transport from the tank in the trunk, which 

is properly secured with belts, either a hand-held device with a hydrogen sen-

sor is used or the sensors of a fuel cell vehicle are used to monitor the interior 

regarding released hydrogen.  

The tank is labeled according to the safety regulations in Germany and the EU. 

According to the European Agreement concerning the International Carriage 

of Dangerous Goods by Road (ADR) [166], transport does not fall fundamen-

tally under this legislation. In order to use the exemption from the rules of car-

rying dangerous goods according ADR subsection 1.1.3.1 (c) [166], the 

transport of the tank must be related to the main activity of the company/enter-

prise. For example, the transport of a container for a measurement task and/or 

surveying. It should be noted that no single container exceeds 450 liters and, 

according to ADR subsection 1.1.3.6 [166], the quantity to be transported does 

not exceed the maximum total quantity per transport unit. Hydrogen, com-

pressed (UN 1049) belongs as a flammable gas to Class 2, Group F according 

to ADR Table A, Dangerous Goods List [166]. Thus, a maximum total quantity 

per transport unit of 333 points is the threshold for using the exemption (ADR 

1.1.3.1 (c) [166]). For compressed gases, the number of points corresponds to 

the nominal capacity (water capacity) of the container in liters. With a capacity 

in our case of 37 liters and the transport to perform a measurement task (sam-

pling of hydrogen), the mobile tank used in this study is to the best of our 

knowledge exempted from all regulations listed in the ADR. However, it should 

still be noted that according to ADR subsection 1.1.3.1 (c) [166] measures are 

taken to prevent the contents from being released under normal transport con-

ditions. 

In case of an application outside research, for example if a service provider or 

HRS operator is not able to completely fulfill the exemptions of the ADR, from 

our point of view, according to the guideline, the driver still would not need an 

ADR license, nor the labeling of the vehicle due to the tank volume of 37 liters. 

However, the presence of a fire extinguisher with at least 2 kg of powder and 

the carrying of a transport document would be mandatory. 
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Shipping the mobile tank in accordance with European regulations via a for-

warding agency is not readily possible, as the mobile tank used in this study is 

not tested and certified in accordance with the Transportable Pressure Equip-

ment Directive (TPED) [167]. 

4.3.2 Mass Spectrometry for Analysis of Hydrogen Sam-

ples 

For the analysis of impurifications in hydrogen, the method of mass spectrom-

etry (MS) is applied by using the device AirSense from the company V&F, Aus-

tria. The specific technique involves ion molecule reaction mass spectrome-

try (IMR-MS). With this ionization method, fragmentation of samples can be 

mostly eliminated because the positively charged ions undergo collisions with 

the molecules to be analyzed in the gas stream with particularly low energy of 

10 to 14 eV. By using an octupole separator for focusing the primary ions (Xe, 

Hg and Kr) and filtering out interferences, the signal to noise ratio is further 

improved. After ionization, the molecules are separated using a quadrupole 

mass filter. For this device, the mass range is 7 – 519 amu with a resolution 

of < 1 amu. Every molecule is registered with a fast pulse counter. The de-

scribed components of the instrument for the analysis of hydrogen are high-

lighted in form of a flow diagram in Figure 2. 

This technique provides exceptionally reliable results (accuracy < ± 2 %, re-

producibility < ± 3 %) with a fast response time (T90 < 20 ms for each frag-

ment, depending on the measurement task) at remarkably low detection limits 

(generally parts per trillion level, for this measurement application see Table 

1). Especially these limits are necessary for measurements according to 

ISO 14687 [68] and EN 17124 [65]. The instrument has 6 inputs for calibration 

gases and an input for the gas sample heated to 200 °C with pressure and 

temperature compensation.  
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Figure 2. Scheme of the mass spectrometer AirSense, V&F based on ion molecule re-

action (IMR-MS) for the analysis of hydrogen in the laboratory. 

For each gas to be analyzed, a measurement procedure must be established 

and suitable calibration gases must be used. According to the manufacturer, 

the results obtained have an accuracy of < ± 2 % and a reproducibility 

of < ± 3 %. To maintain low background noise, the instrument is continuously 

purged with H2 in purity grade 5.0 (> 99.999 % H2). In the standard setting, a 

flow rate of approx. 1 L/min is set, in stand-by operation even less. The maxi-

mum inlet pressure is limited to 0.2 MPa(a). 

For the gases to be analyzed according to ISO 14687 and EN 17124, a meas-

urement procedure was created which contains all substances from the stand-

ard that can be measured directly [65, 68]. Due to the low ionization energy of 

10 to 14 eV mentioned earlier, it is not possible to analyze the gases helium 

and argon. Even though these gases have Severity Class 4 according to 

ISO 19880-8:2019 [168] and EN 17124 [65], the overall risk is assumed to be 

low. For helium, no clear source is known. For argon, the mixing of hydrogen 

with air is a source. Here, however, more than 3% air would have to be present 

in the hydrogen for the threshold of 300 ppm to be exceeded [65]. Due to the 

low probability of occurrence and the resulting low risk, no further analysis is 

currently being carried out using alternative methods other than IMR-MS. The 

components summarized in the standards [65, 68] under hydrocarbons includ-

ing oxygenated species have such a broad spectrum that the calibrated anal-

ysis is limited only to methane and further substances are only roughly 
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considered due to the individually required calibration gases (Table 1). Water 

was calibrated only by the supplier of the analyzer due to the lack of availability 

of specific water contents in calibration gas standards and has thus not been 

calibrated again before each measurement in the laboratory. For the determi-

nation of the total sulfur content, carbon disulfide, hydrogen sulfide, methan-

ethiol and sulfur dioxide were selected as representative sulfur-based contam-

inants, since these have a good volatility for calibration gases. The same ap-

plies to halogenated compounds. This includes all halogens and halogenated 

inorganic and organic compounds. Due to the occurrence probabilities of these 

components and the availability of calibration gases, the representative focus 

was laid on hydrogen chloride (HCl) [65, 168].The sum of these individual con-

taminants is then used for comparison with the standards and estimation of 

the hydrogen purity. 

Table 1. Contaminants and thresholds listed in the comprehensively convergent 

standards ISO 14687 [10] and EN 17124 [12] with corresponding limits of detection of 

the analyzer resulting from calibration with known gas standards. 

Contaminants 

ISO 14687 / 
EN 17124 

thresholds 
[µmol/mol] 

Limits of detec-
tion analyzer 
[µmol/mol] 

Calibration 
gas standards 

Water (H2O) 5 0.58 
None (pre- 
calibrated) 

Methane (CH4) 100 0.02 
O2, CH4, CO, 

CO2 in H2 

Total 
hydrocarbons 
(except CH4) 

2 
0.002 (for single 

C2 – C8 
hydrocarbons) 

None (pre- 
calibrated) 

Oxygen (O2) 5 0.14 
O2, CH4, CO, 

CO2 in H2 

Helium (He) 300 Not considered None 

Nitrogen (N2) 300 1.65 N2 in H2 

Argon (Ar) 300 Not considered None 
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Carbon dioxide 
(CO2) 

2 0.02 
O2, CH4, CO, 

CO2 in H2 

Carbon 
monoxide (CO) 

0.2 0.45 
O2, CH4, CO, 

CO2 in H2 

Total sulfur with 

Carbon disulfide 
(CS2) 

Hydrogen 
sulfide (H2S) 

Methanethiol 
(CH3SH) 

Sulfur dioxide 
(SO2) 

0.004 

 

 

 

 

 

 

 

0.0007 
 

0.0009 
 

0.0001 
 

0.003 

 

 

CS2, H2S, 
CH3SH in H2 

 

 

SO2 in H2 

Formaldehyde 
(HCHO) 

0.2 0.007 HCHO in N2 

Formic acid 
(HCOOH) 

0.2 0.005 HCOOH in N2 

Ammonia (NH3) 0.1 0.002 NH3 in H2 

Total 
halogenated 

0.05 HCl: 0.02 HCl in H2 

 

All possible gases to be analyzed are shown in Table 1 along with the detection 

limits resulting from the calibration. This table also includes the thresholds de-

picted by the standards [65, 68] and the calibration gases used. H2 6.0 from 

Linde was used for the calculation of the background. H2 5.0 from Linde was 

used as purge gas during stand-by. The calibration gas standards are in all 

cases from Air Liquide with background gas H2 N60 or N2 N60 (purity 

grade 6.0). With this measuring procedure, reliable results are obtained after 

approx. 10 – 15 minutes at the flow rate mentioned. The decisive factors are 

the length of the pipes and hoses, the expected concentrations of the contam-

inants and the type of molecule. The latter will be discussed more specifically 

in the results and discussion section. 
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The ISO 21087:2019 [143] addresses the validation of equipment and meth-

odology for the analysis of hydrogen in the laboratory. Here, fit for purpose 

criteria are defined for selectivity, limit of detection and limit of quantification, 

working range, trueness, precision, measurement uncertainty and rugged-

ness. The aim is to enable laboratories to demonstrate that the method used 

is suitable for the analysis of impurities in hydrogen. Due to the novelty of the 

application of the IMR-MS technology and the developed method of sampling 

and analysis, multiple influencing factors, and the fact that validation is not 

mandatory for research purposes, up to now no validation of the method pre-

sented here has been performed. However, the mass spectrometer based on 

IMR-MS used is remarkably suited for the contaminants to be analyzed due to 

the limit of detection and limit of quantification. In the context of future studies, 

validation based on a revised ISO 21087 is target-oriented and to be applied 

in the context of round robin tests. 

4.4 Results and Discussion 

4.4.1 Contamination-free Sampling of Hydrogen 

4.4.1.1 Method of Sampling 

For sampling hydrogen at HRS at 35 and 70 MPa, the mobile tank described 

in section 4.3.1 is used. For this purpose, the tank is placed on-site at the HRS 

near the fueling nozzle and secured via brakes. Grounding is usually ensured 

via the conductive wheels and the grounded base plate. A barricaded work 

area is set up for refueling, thus it is ensured that no uninvolved third parties 

influence the sampling or put themselves in danger. For this purpose, traffic 

cones with barrier bands in signal colors are set up. Furthermore, the on-site 

requirements are analyzed concerning possible sources of ignition, traffic, con-

taminated and slippery ground, and any hazards are eliminated. 

To fill the mobile tank with hydrogen, the additional manual valve on the OTV 

is first opened manually and the fueling nozzle of the HRS is connected to the 
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receptacle. A power bank is used to supply power to the OTV and the temper-

ature and pressure sensors, and the recording of the generated data with the 

PLC onto an SD card is started. Additional grounding during refueling is en-

sured via the fueling nozzle. In the optimal case, the HRS is operated in the 

maintenance mode, so that in case of any emergency a quick interruption of 

the refueling process is possible and monitoring of pressure rising, tempera-

ture, and flow rate can be arranged more flexibly. However, refueling also pro-

ceeds in the case of normal mode without error messages, but with the re-

strictions mentioned in section 4.3.1 concerning maximum pressure. Possibly, 

the pre-cooling [165] down up to -40 °C before refueling is only carried out to 

a limited extent, but, however, this does not influence following purity analyses. 

Before the tank is filled at the HRS with the amount of hydrogen necessary for 

the analysis, it has to be properly purged. This is the only way to ensure that 

all determined contaminations are measured with respect to this specific sam-

pling. The American standard ASTM D7606-17 [158] addresses the cleaning 

of sampling devices for hydrogen and describes specific guidelines. Following 

this standard practice, a similar procedure is also applied for the mobile tank 

used here. For this purpose, at least 1 kg of H2 is first refueled in order to dilute 

or remove any existing contamination to a large extent. Sampling in flow-

through with open end is not possible due to the tank design-related minimum 

pressure of approx. 1.8 MPa as described in section 4.3.1. Due to the tank size 

of 37 liters, the capacity at up to 70 MPa is approx. 1.1 kg. At 1.8 MPa there is 

approx. 0.05 kg in the mobile tank, so that the necessary amount of 1 kg is 

guaranteed for complete refueling from 1.8 MPa up to 70 MPa. If refueling is 

not performed in maintenance mode and therefore refueling to 70 MPa is not 

possible, refueling can also be divided into two or more independent refueling 

at lower possible pressure. After the tank has been refueled to the maximum 

pressure, it must be emptied. Before that, however, a waiting time of 5 minutes 

is maintained to set an equilibrium in the tank. It must be ensured that the HRS 

has depressurized the pipes and hoses including the fueling nozzle. The noz-

zle is then removed before the tank can be emptied by connecting a purge 

hose. 
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For this purpose, one end of a stainless-steel hose is connected to the sam-

pling valve by using a quick coupling, the other end is placed at least 2.4 m 

above the ground with the help of a tripod. This ensures direct dilution of the 

released hydrogen at an appropriate distance from the HRS, potential ignition 

sources and third party influence, following ASTM D7606-17 [158]. A distance 

of 2 m is maintained from surrounding buildings and work is interrupted or not 

started in the event of strong winds and bad weather conditions. To empty the 

tank, the OTV is opened with the MV closed using the connected valve control 

via the HTML interface. The pressure reducer mounted between the OTV and 

MV has an outlet pressure of 2.0 MPa at a maximum inlet pressure of 70 MPa. 

Now the MV is opened carefully and a constant but small flow of hydrogen 

from the tank to the environment is set. After approx. 30 minutes reaching the 

minimum pressure of 1.8 MPa, the OTV is closed, and after that the MV. To 

maintain safety, the purge hose is removed several minutes after the released 

hydrogen has been diluted by the surrounding air. This is followed by either 

the second refueling, if 1 kg could not be refueled the first time, or the final 

sampling for analysis in the laboratory. After completion of the process, the 

manual valve near the OTV is closed, a detailed documented check is made 

for leakages with a hydrogen sensor, and the mobile tank is loaded into the 

vehicle. 

With the help of the method described here for purging the sampling device, 

contaminations can be mostly excluded, in particular concerning water and 

sulfur components [158]. This applies not only to the tank itself but also to the 

surrounding pipes and valves. Normally, it would be recommended to heat out 

the pipes and the tank or to evacuate them. However, this is not possible with 

the tank used here due to its design, especially not directly at the HRS. How-

ever, compared to other sampling devices [74, 76, 157, 158] where open-end 

purging or evacuation is possible, the advantage here is clearly the independ-

ence from a fuel cell vehicle and the similarity to the tanks installed in these 

vehicles. The tank itself, the OTV and the couplings are similar to the parts 

installed in the Hyundai ix35 Fuel Cell. This means that contaminants 
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measured after sampling can be compared directly with those to which the fuel 

cell would be exposed to in the car. 

4.4.1.2 Sampling of Hydrogen at an Existing HRS in the Nether-

lands 

In the following, the sampling with the mobile tank is explained based on an 

existing HRS in the Netherlands according to the previously described method. 

Prior to sampling, the tank was filled with high-purity hydrogen (H2 5.0) via a 

compressor at the manufacturer of the mobile tank to exclude any contamina-

tion before beginning the sampling campaign. On-site at the HRS, the sam-

pling device was first connected to the 70 MPa nozzle of the HRS (a 35 MPa 

nozzle is also available for heavy duty vehicles), the HRS was put into mainte-

nance mode with trained personnel and refueled from 7.0 MPa to 15.0 MPa 

for initial test purposes and a first purge. Grounding was ensured. The tank 

was then depressurized to 2.0 MPa and subsequently refueled to 68.0 MPa. 

After 5 minutes an equilibrium in temperature is measured, the tank was de-

pressurized to 2.0 MPa using the procedure described above and refueled to 

7.5 MPa. This amount is sufficient to perform several analyses of hydrogen in 

the laboratory. Example photos of the sampling at the HRS and the setup of 

the purging with a tripod are shown in Figure 3. 

 

Figure 3. Visualization of hydrogen sampling for contamination analysis using the mo-

bile tank. Shown are the refueling at the HRS and the venting of the hydrogen for 

purging near the refueling station with the barricaded work area. 
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The hydrogen at the HRS had to comply with ISO 14687 [68] and EN 17124 

[65], but it should be emphasized here that the sampled HRS is a non-public 

research HRS. Refueling takes place only in the context of individual fuel cell 

vehicles. In the case of a public HRS, it is stipulated by law [169] that there 

shall be compliance with currently valid fuel standards [65, 68]. Because the 

sampled HRS is a research object and since the hydrogen was produced via 

on-site electrolysis, compliance with the standards is of particular interest. 

However, the green hydrogen should reveal a high purity due to the production 

process of polymer electrolyte membrane (PEM) electrolysis [69, 70, 139]. 

4.4.2 Results and Challenges from Analysis of Hydro-

gen with Mass Spectrometry 

4.4.2.1 Preparation of Gas Analysis 

First, the mass spectrometer is prepared for the analysis of hydrogen. Our ex-

perience with this specific instrument has shown that at least 1 week before 

the planned analysis is carried out the instrument has to be in ultra-high vac-

uum and purged with hydrogen (purity 5.0 or higher) at a flow rate of approx. 

1 L/min. Especially the amounts of water and oxygen in the background can 

be minimized this way. We have learned from experience that it is highly rec-

ommended to purge the instrument 24/7 with H2 5.0 without switching off the 

instrument. Before the instrument can be calibrated, the background must be 

determined. For this, H2 6.0 is supplied for at least 15 minutes with the known 

flow rate and an automated correction of the background is carried out via the 

software of the device after determining the plausibility of the measured val-

ues.  

4.4.2.2 Calibration of Gas Analysis and Determination of Interfer-

ences 

On the day of the planned analysis, the instrument must be calibrated accord-

ing to the contaminants mentioned in section 4.3.2. For this purpose, the cali-

bration gases are fed to the instrument individually or in a defined mixture (Ta-

ble 1) via the inputs for calibration gases and the concentrations specified from 
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the calibration gas standards are entered at the corresponding measured 

value of the instrument (counts per second). Before the counts per second are 

set in relation to the entered concentration of the respective gas, a detailed 

plausibility check is performed. In this way, false positive and false negative 

results can be largely avoided. For each gas, the time required for purging was 

determined. This is the time required to achieve stable measured values. Par-

ticularly challenging in terms of general detection and duration of calibration 

are the gases hydrogen chloride (HCl), formic acid (HCOOH) and ammo-

nia (NH3). HCOOH and NH3 are critical because of adhesion interactions 

within the pipes and hoses. As a consequence, particularly long purging times 

are required until equilibrium is reached. The same applies to HCl, but due to 

the intensity of similar masses, this gas also interferes with hydrogen sul-

fide (H2S). A correction is possible by assuming that no HCl (0 ppm) is con-

tained in the calibration gas for H2S (CS2, H2S, CH3SH in H2, Table 1). Another 

interference detected during the experiments results from carbon monox-

ide (CO) and nitrogen (N2). Due to the mentioned possible ionization energy 

of a maximum of 14 eV (Kr as ionization gas), normally no ionization of N2 is 

possible (at least 15.6 eV are necessary). Here, an electron impact mass spec-

trometer (EI-MS) would have to be used. In the context of this and further in-

vestigations [170], it could be demonstrated that detection of N2 in an H2 at-

mosphere with appropriate CO concentrations is possible. N2 is detected after 

ionization with the second ionization state at 16 eV (Kr) as N2H+ at m/z 29. Due 

to the similar mass of CO at m/z 28, an exceedingly large interference results, 

which has a particularly large influence on the measurement according to 

ISO 14687 and EN 17124. The presence of a natural isotope overlapping the 

CO signal can be excluded based on the incorrect ratios. A correction of the 

interference to a limited extent is possible via the assumption that no CO is 

contained in the calibration gas for N2. Further optimization of the instrument 

was made concerning the resolution of CO. However, it was increased for bet-

ter separation of m/z 28 and 29, which has a higher detection limit as a conse-

quence. 
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Further challenges during the measurement result from the calibration gas 

standards. It must be considered that HCOOH and HCHO were calibrated with 

test gases containing N2 instead of H2 as residual gas. Thus, the density ratios 

of N2 and H2 result in different flow rates of the supplied test gases. These in 

turn influence the measured concentrations. Another influencing factor is con-

cerning the particularly short shelf lives of the test gases. These are relatively 

short for the sulfur components with a maximum of 6 months. For H2S, a 30 % 

too low concentration was detected by comparing an old gas cylinder (expira-

tion date 9 months past) with a new gas cylinder. 

4.4.2.3 Results of Hydrogen Analysis from HRS Sampling 

In the following section, it will be shown how the analysis of an unknown hy-

drogen sample is realized in the laboratory using the mass spectrometer based 

on ion-molecule reactions. For this purpose, the mobile tank is first grounded 

in the laboratory and the power supply to the OTV is provided. The manual 

valve is opened. A pressure reducer is attached to the outlet of the tank via a 

quick coupling. This pressure reducer is passivated with SilcoNert® [72, 171-

174] via an inert non-reactive silicon coating process so that particularly sen-

sitive components such as ammonia, hydrogen sulfide, formaldehyde and for-

mic acid are not neglected due to false-negative results. A stainless-steel hose 

is now used to connect the mobile tank and the mass spectrometer at the 

heated inlet. The OTV is opened via the HTML interface, then the MV and 

finally the pressure reducer is opened and set to an outlet pressure of 

0.2 MPa(a). A data file is created to record the analysis data. Now the sample 

to be analyzed is fed to the instrument. After about 15 minutes of feeding with 

a minimum flow rate of 1 L/min, the measurement is finished. The analysis of 

the sample shown in section 4.4.1.2 was carried out according to this proce-

dure. The results are shown in Table 2.  
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Table 2. Results of the analysis of a hydrogen sample from an HRS 

in the Netherlands, referring to ISO 14687 and EN 17124. Shown are 

the concentrations measured after complete calibration and background 

correction with the device AirSense, V&F as well as associated 

valid thresholds from the international standards (LOD: limit of detection). 

Contaminants 
Measured 

concentration 
[µmol/mol ≡ ppm] 

ISO 14687 / EN 17124 
thresholds 
[µmol/mol] 

Water (H2O) 19.23 ± 4.24 5 

Methane (CH4) Below LOD 100 

Total hydrocarbons 
(except CH4) 

0.34 ± 0.07 2 

Oxygen (O2) 2.86 ± 0.54 5 

Helium (He) - 300 

Nitrogen (N2) 761.68 ± 22.72 300 

Argon (Ar) - 300 

Carbon dioxide (CO2) 2.90 ± 0.09 2 

Carbon monoxide (CO) 1.62 ± 0.11 0.2 

Total sulfur with 

Carbon disulfide (CS2) 

Hydrogen sulfide (H2S) 

Methanethiol (CH3SH) 

Sulfur dioxide (SO2) 

0.002 

0.001 (± 0.02 ppb) 

0.001 (± 0.02 ppb) 

Below LOD 

Below LOD 

0.004 

 

 

 

 

Formaldehyde (HCHO) Below LOD 0.2 

Formic acid (HCOOH) 0.01 ± 0.001 0.2 

Ammonia (NH3) Below LOD 0.1 

Total halogenated HCl: below LOD 0.05 

 



 Publication 1 48 

The accuracies shown Table 2 result from the measurement accuracy of the 

mass spectrometer of ± 2 % and the calculated standard deviation from 3 

measured values. Total hydrocarbons was calculated on the basis of ethane, 

ethylene, acetylene, propylene, butane, pentane, benzene, toluene and xylene 

and given with an accuracy of 20 % for the reasons highlighted in section 4.3.2. 

The same applies to the concentration of water due to the pre-calibration. Ar-

gon and helium were not considered for the measurement. Below LOD indi-

cates that the measured value is below the limit of detection (Table 1) and 

therefore does not contribute to the assessment of the degree of contamina-

tion.  

The contaminants water (H2O), nitrogen (N2), carbon dioxide (CO2) and car-

bon monoxide (CO) are to be identified from Table 2 as (potentially) critical 

since they exceed the thresholds from ISO 14687 and EN 17124. Conse-

quently, the value for CO is considered to be particularly critical but is explicitly 

sensitive to errors due to the reasons mentioned in section 4.4.2.2. A further 

assessment of the criticality of the value is only reasonable after further opti-

mizations of the mass spectrometer and was not feasible in this work. Accord-

ing to EN 17124, the overly high measured values of N2 and CO2 in the poten-

tial fuel cell vehicle cause first of all a dilution of the hydrogen. This will result 

in lower cell voltages and thus lower power efficiencies, higher H2 consumption 

and decreasing efficiency. In addition, fan control may be disrupted due to an-

odic accumulation of nitrogen and in the fuel cell may be undersupplied areas 

with hydrogen. Thus, in addition to power losses, technical components can 

also be damaged. Furthermore, a high N2 concentration combined with a high 

CO concentration is particularly noteworthy, since N2 blocks the desorption of 

CO at the anodic catalyst layer. The water-gas shift reaction can also form CO 

from CO2 and further intensify the mentioned effect. 

For H2O, the criticality for the fuel cell is much lower. Here, transport mecha-

nisms can be affected by high concentrations in combination with ionic impu-

rities, resulting in overvoltages, power losses, and consequently in system fail-

ure. However, high water concentrations are less critical for the fuel cell stack, 
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but much more critical for the HRS and the vehicle’s tank components due to 

a possible formation of ice and corrosion. For high water contents, a safety risk 

can arise in particular if the check valves of the FCEV freeze due to low tem-

peratures below the freezing point and consequently no longer have proper 

functionality. 

Overall, the authors consider the measured purity of this sample to be critical 

in terms of compliance with the standards, but still within the tolerable range 

for the vehicle’s fuel cell. Much more relevant are the measured concentrations 

of N2 and especially CO. If the measured value for CO would be correct to this 

extent, this would be a clear sign that no vehicle should be refueled at this 

HRS. There would be an obvious risk of irreversible deactivation of the fuel 

cell’s catalyst in the vehicle. However, due to the aforementioned limitations 

concerning the interference from N2 and CO based on the measurement prin-

ciple, further optimizations must be carried out on the mass spectrometer, 

both, software and possibly hardware. For the high N2 concentration, the 

measured value must be verified with further samplings at the same HRS. The 

contamination potentially results from maintenance work on the HRS. Usually, 

N2 is used for inerting and purging. Residues from these procedures may be 

responsible for the high concentrations. Another reason is based on compres-

sion at the HRS. The piston compressors used are commonly operated with a 

gas buffer of N2, on the one hand, to protect against contamination containing 

mineral oil, and on the other hand to protect against possible explosion haz-

ards. Possible leaks cause the N2 to spill into the compressed hydrogen. Con-

tamination introduced by sampling or analysis due to leakages in hoses, cou-

plings and the tank itself can be excluded since otherwise O2 would have been 

detected in an air-like ratio to N2. Assuming that approx. 78.08 % N2 and 

20.95 % O2 are contained in the air, a measured concentration of N2 of 

761.68 ppm should have resulted in the equivalent detection of approx. 

204.37 ppm O2. Due to the actually determined concentration of 2.86 ppm O2, 

a leakage can be ruled out. Furthermore, a carry-over contamination with N2 

can be excluded, since the tank was purged 2 times with H2 5.0 due to 
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maintenance work prior to sampling, in addition to the purging process demon-

strated in this study. 

4.4.3 Identified Next Steps for Hydrogen Sampling and 

Analysis 

The experiments carried out in this study clearly highlight that, apart from the 

methodology of sampling and subsequent analysis of the purity of hydrogen in 

the laboratory, some elementary tools for hydrogen-based mobility and econ-

omy need to be established. For the sampling container, the sampling meth-

odology, the following transport and the final analysis, round-robin tests have 

to be performed to check reproducibility and validation. It must be verified to 

what extent the type of mobile tank, the preparation for sampling (evacuating, 

purging, ...) and the sampling itself influence the final measurement of the con-

centrations of the contaminants. First comparative indications of sampling pro-

cedures and pre/post preparation are provided by Arrhenius et al. in a review 

paper on this [75]. The large number of sampling options presented there em-

phasizes that these must be investigated within a round-robin test about com-

parability. The methods for analyzing hydrogen also differ substantially, as it is 

partly written in the international standards. Therefore, it must be possible to 

guarantee comparability here as well. In addition to the accreditations of the 

analyzing institutes, a national and international round-robin test is a method 

to be considered. As a consequence of performing these round robin tests, the 

measuring instrument and associated laboratory should be validated accord-

ing to ISO 21087 [143] in order to conform at best to standards. This validation 

proves that the basic suitability exists to detect all contaminations according to 

ISO 14687 [68] and EN 17124 [65] with corresponding reliability and compa-

rability with other laboratories investigating the same or different samples. 

Following this, it will be necessary to investigate the influence of the mobile 

tank (or sampling containers in general) on the composition of hydrogen in 

future tests. In this study, a tank was chosen which is almost identical to that 

of a fuel cell vehicle. While this is representative of the contamination that 
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eventually reaches and affects the fuel cell in the vehicle, it does not preclude 

the possibility that the polyethylene liner may still cause a change in composi-

tion. In the course of this, the carry-over of contaminants between different 

samples of various HRS is to be mentioned. Following ASTM D7606-17 [158], 

the 1 kg used here for purging is sufficient, but this may vary due to different 

pressure levels applied during sampling and the type of tank. 

Other challenges during the analysis of hydrogen relate to the test gases. As 

shown in Table 1, gases such as formaldehyde and formic acid have limited 

or no availability in a hydrogen matrix due to their instabilities. This represents 

new obstacles to calibration, which must be overcome by appropriate gas flow 

rates and correction. Correspondingly, the shelf life of certain components is 

also a hindrance. For example, a concentration of H2S in hydrogen that 

showed a concentration of 30 % too low, compared to the analysis certificate, 

was detected after the test gas cylinder had been stored for just over a year. 

The concentration of water can also only be represented with a high degree of 

uncertainty since no test gases for water can be obtained from the gas suppli-

ers. In addition, no individual test gases for all hydrocarbons were included in 

these tests, since otherwise too many test gases would be necessary due to 

the diversity and the insufficient specification in the ISO and EN standards. 

Finally, an important possibility to be established for checking the methodology 

of sampling and analysis in the laboratory is the online analysis on-site at the 

HRS. Employing specifically used analysis devices and/or sensors, the com-

pliance of the hydrogen quality with the ISO/EN standards can be verified, at 

least in extracts [175]. In this way, it can also be stated directly whether the 

refueling of a random fuel cell vehicle can be carried out or whether it should 

not be carried out due to the present impurities. 
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4.5 Conclusion 

The development of a methodology for the contamination-free sampling of hy-

drogen with reliable reproducibility is the first essential part of the analysis of 

hydrogen. In this study, a mobile tank was used for the simplest and most 

representative sampling of hydrogen, which is in the same form integrated into 

series production vehicles with fuel cells and may be refueled and transported 

according to the valid safety regulations even without the presence of a fuel 

cell vehicle. For this aspect, some safety precautions have been worked out 

which are not only important for the safe operation of the mobile tank, but the 

analytical results that can be obtained with it are also influenced by the con-

sistency of the sampling. In this study, a methodology was developed with 

which it is possible to generate representative and valid measured concentra-

tions of contaminants for HRS in the laboratory. Essentially, this involves purg-

ing the mobile tank with 1 kg of H2 before the actual sample can be collected. 

This largely guarantees that any contamination previously present in the tank 

is removed or properly diluted. Since no open end is possible in a carbon fiber 

tank with an internal liner made of plastic (polyethylene), the procedure de-

scribed in this paper is a suitable way of using tanks largely similar to those in 

fuel cell vehicles as sampling containers. 

The second important step after sampling is the analysis of hydrogen. For the 

future and first analysis of hydrogen, a suitable mass spectrometer based on 

ion molecule reaction mass spectrometry was and will be used. With the help 

of this technique, particularly low detection limits of all components mentioned 

in the internationally valid regulations ISO 14687 [68] and EN 17124 [65] (qual-

ity of hydrogen for mobile fuel cells supplied to HRS) are possible, since the 

method of ionization produces as few fragments of the components as possi-

ble. Thus, a uniquely reliable analysis and determination of the concentrations 

of the contaminants that are particularly harmful to the mobile fuel cell are 

demonstrated. In this study, a calibration of the mass spectrometer specially 

prepared for the analysis of hydrogen according to the standards with the com-

position of test gases was presented and applied based on an example. They 
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form a basis for future measurement tasks with similar components and/or de-

mands on accuracy, reliability and complexity with only one instrument. 

With the mobile tank and according to this developed methodology regarding 

the analysis of hydrogen, an HRS in the Netherlands was probed and the hy-

drogen was analyzed. The hydrogen at the HRS was largely produced via on-

site electrolysis, so a high purity with low contaminants in the form of water, 

nitrogen and oxygen was expected. The analysis showed that the contami-

nants water (19.23 ± 4.24 ppm; threshold 5 ppm), nitrogen 

(761.68 ± 22.72 ppm; threshold 300 ppm), carbon dioxide (2.90 ± 0.09 ppm; 

threshold 2 ppm) and carbon monoxide (1.62 ± 0.11 ppm; threshold 0.2 ppm) 

could be identified as critical, as they exceed the limits of ISO 14687 and 

EN 17124. The hydrogen at this HRS should not have been dispensed accord-

ing to this present analysis. The further analysis of the measured values pro-

vided the insight that the determination of carbon monoxide is not as trivial as 

anticipated. A high sensitivity of the carbon monoxide signal for nitrogen was 

detected even though fragmentation could not actually be observed. Here, for 

future experiments, the resolution of the instrument needs to be further opti-

mized and hardware adaptations are even feasible to a limited extent. For ex-

ample, to install an additional integrated electron impact mass spectrome-

ter (EI-MS) to completely ionize the nitrogen due to higher possible ionization 

energies. Thus, an exact concentration of nitrogen can be determined and the 

cross-sensitivity with carbon monoxide can be calculated. Although this does 

not solve the problem, it allows the resolution of the instrument to be precisely 

adjusted. The upgrade with EI-MS, however, additionally allows the exact de-

termination of the concentrations of argon and helium. Continuing, the round 

robin tests to be performed will investigate the comparability with other labor-

atories and assist in the validation of the measurement instrumentation with 

IMR-MS and EI-MS according to valid standards. 

In summary, this study demonstrated that a self-developed mobile type IV tank 

can be used to perform representative sampling of hydrogen at up to 700 bar 

for hydrogen purity analysis without the need for a simultaneously refueling 
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FCEV, and that based on an exemplary sampling of an HRS high-precision 

analysis with IMR-MS of contaminants in unknown hydrogen samples can be 

applied according to valid international standards. Particular focus was de-

voted to the strategy of contamination-free sampling, developed procedures 

for purging the mobile tank, and calibration of the used mass spectrometer. 

Future experiments will focus on upgrading the laboratory infrastructure, per-

forming round robin tests, validating the measurement instruments, further 

evaluating the sampling of hydrogen using the mobile tank and the related ad-

vancement of the sampling strategy including purging processes with a spe-

cific emphasis on water. 
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5.1 Abstract 

Salt caverns have great potential to store relevant amounts of hydrogen as 

part of the energy transition. However, the durability and suitability of com-

monly used steels for piping in hydrogen salt caverns is still under research. In 

this work, aging effects focusing on corrosion and cracking patterns of casing 

steel API 5CT J55 and “H2ready” pipeline steel API 5L X56 were investigated 

with scanning electron microscopy and energy dispersive X-ray spectroscopy 

after accelerated stress tests with pressure/temperature cycling under hydro-

gen salt cavern-like conditions. Compared to dry conditions, significant more 

corrosion by presence of salt ions was detected. However, compared to X56, 

only for J55 an intensification of corrosion and cracking at the surface due to 
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hydrogen atmosphere was revealed. Pronounced surface cracks were ob-

served for J55 over the entire samples. Overall, the results strongly suggest 

that X56 is more resistant than J55 under the conditions of a hydrogen salt 

cavern. 

5.2 Introduction 

The energy transition to renewable energy sources is more urgent than at any 

time in the past. First and foremost, to counteract climate change with rising 

temperatures and rising sea levels, but also to become less dependent on 

other energy-exporting countries. Typical renewable energy sources are pho-

tovoltaic and wind energy. The output of both technologies is intermittent and 

fluctuating, resulting in short-term and seasonal variations [20]. Power gener-

ation and demand are not aligned. Accordingly, the development of short-term 

energy storage is necessary to smoothen the power output to the grid, i.e., to 

stabilize the frequency, voltage, and power quality of the system. Long-term 

energy storage between seasons is important to ensure access to reliable en-

ergy services throughout the year and to harvest the energy oversupply in the 

summer, e.g. from photovoltaics (PV). Even during periods of limited sun and 

wind, typically in the winter time, sufficient energy supply is essential in an 

electricity-dependent society. 

A suitable way to store large amounts of energy over yearly cycles is chemical 

storage, which is the reason why natural gas has often been used in the past. 

For an electricity system aiming at climate neutrality, hydrogen (H2) should re-

place natural gas and other fossil fuels in many applications. There are several 

promising research areas and efforts related to H2, such as various fuel cell 

powered vehicles [6, 24, 25] and environmentally friendly ammonia production 

[12]. In addition, the steel industry offers great potential for the use of H2 [9-11, 

176]. As the iron and steel industry is responsible for 4% of anthropogenic 

carbon dioxide (CO2) emissions in Europe, decarbonization of the sector can 

contribute significantly to the reduction of greenhouse gases [9-11]. As H2 can 
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be produced in a CO2-neutral way by electrolysis using renewable energy 

sources, it supports the idea of the energy transition. However, for a future in 

which H2 plays a key role as a secondary energy carrier, the infrastructure for 

its storage must be implemented. In this field, underground storage in large-

scale salt caverns analogous to natural gas has enormous potential. While 

much experience has already been gained with natural gas storage in salt cav-

erns, there are still unanswered questions to be resolved for H2 [26]. Due to 

advantages such as the low porosity of salt rock and the resulting low perme-

ability of hydrogen, the gas tightness of salt caverns has already been proven 

for hydrogen [26, 177]. In addition, no safety-relevant differences to natural 

gas are expected with regard to the salt, as it is chemically inert to hydrogen 

[177]. Nevertheless, there are some challenges of storing hydrogen in salt cav-

erns, such as the economic feasibility (provision of cushion gas to maintain the 

minimum pressure in the cavity), the quantities of water required for the con-

struction of caverns and the brine (salt concentration) to be disposed of in the 

process, as well as the challenges discussed here in the study with regard to 

corrosion and material compatibility. Further issues of life cycle and safety 

have to be answered [178].  

The storage of H2 in salt caverns has been realized, but is currently not a widely 

established technology as a secondary energy storage option [179, 180]. 

Therefore, there is limited data on the long-term compatibility of cavern mate-

rials in conjunction with H2. Various materials are needed to build these cav-

erns, including cements, polymers, and steel. This study focuses on steel anal-

yses since steel is extensively utilized for realizing the underground piping of 

salt caverns. As shown in the next section for some examples, suitable steel 

grades have been defined for natural gas storage in underground structures, 

however, the applicability of steels for H2 storage has yet to be investigated 

and confirmed. The data presented for steel applications with H2 in the litera-

ture tend to be limited to the class pipeline steels, which are generally used for 

above ground piping but less for underground piping under the special condi-

tions of salt caverns. Their extended applicability to salt caverns needs to be 

considered, as this could be a potential new area of interest for these steels. 
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Investigation of the changes in the steel surface under the various salt cavern 

conditions is the objective of the study presented in this paper.  

Pipes used in the industry for various applications are classified and named in 

accordance with standard technical specifications and nomenclature of the 

American Petroleum Institute (API). Commercially, casing and pipe steels are 

used for combined natural gas and underground storage applications. These 

follow the nomenclature of the class API 5CT with an additional letter/number 

combination indicating the strength level and determining the grade [181]. 

Some of the materials in this class have been developed for underground nat-

ural gas and oil storage in caverns, such as API 5CT J55 (J55) (weldable) and 

API 5CT N80 Q (weldable) [182, 183].  

Boersheim et al. [134] investigated the effects of H2 on steels typically used in 

underground storage facilities in Germany, which include API 5CT N80, P110, 

K55, and J55 casing steels; however, the exact specifications including the 

material compositions were not published for confidentiality reasons. N80, 

K55, and J55 were tested for 4 weeks in an autoclave that mimicked the con-

ditions of a cavern containing H2, but without pressure and temperature cy-

cling. Brine was added to the system, and temperature and pressure were 

maintained at 100 °C and 100 bar, respectively. In the stress-strain measure-

ments of the steels before and after H2 exposure, a change in geometry was 

observed, while hydrogen embrittlement could not be recognized. It should be 

noted that the time of failure is not indicated in the graphs and the scale was 

not normalized.  

Trautmann et al. [57] investigated the effects of H2 on API 5CT P110 [181], 

which is regularly applied in caverns, and on L80, which is used for drilling in 

acidic environments [134]. The materials were tested for 30 days in an auto-

clave at 25 and 80 °C with H2 at partial pressures of 20 and 100 bar, respec-

tively. The omission and addition of an electrolyte represented dry and wet 

conditions. The results showed that hydrogen uptake increased with elevated 

temperature, pressure, and combined humid conditions. However, overall 
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hydrogen uptake during testing was low and did not result in failure below the 

specified minimum yield strength of 90% at constant load. 

Another possible steel category for underground storage applications is pipe-

line steel, which is generally used for oil and gas transportation infrastructure 

[184]. According to API nomenclature, pipeline steels are classified as API 5L 

followed by a letter/number combination indicating the strength level and de-

termining the grade [184]. There are some studies on the effects of H2 on 

API 5L X70 steel [58-61]. Mohtadi-Bonab et al. [58] studied the steel using 

scanning electron microscopy (SEM) and other techniques. Polished samples 

were electrochemically loaded with hydrogen. The effects of the hydrogen 

were studied microscopically. Two types of damage, blisters and internal 

cracks, were observed. The number and size of bubbles increased with load-

ing time, reaching up to 1 mm in the 24-hour treated sample. The same de-

pendence was observed for internal cracks. Inside the microstructure, struc-

tural defects and nonmetallic inclusions served as points of attack. Mohtadi-

Bonab et al. [58] used energy dispersive X-ray spectroscopy (EDX) to detect 

crack initiation and propagation on steel surfaces. They have observed that 

grain size and microstructure (in)homogeneity influence hydrogen embrittle-

ment. A finer grain structure increases the amount of hydrogen diffusion inhib-

itors, as grain boundaries with high local concentration of hydrogen can cause 

structural defects. Nevertheless, further studies are needed, in particular ex-

periments under the boundary conditions of salt caverns, to assess the suita-

bility of X70 steel for use in caverns. Another steel grade commonly used in 

the European pipeline network is API 5L X52. Capelle et al. [62] showed that 

hydrogen can penetrate the near-surface layers of the metal even at a pres-

sure of 20 bar and ambient temperature, leading to a change in the local frac-

ture mechanism. It should be noted that the results are valid only for the spe-

cific test conditions. Similarly, another study by Boukortt et al. [132] showed 

hydrogen embrittlement on API 5L X52 through a series of surface cracks near 

the fracture surface. Because of the hydrogen environment, fracture often oc-

curs near the surface, caused by pitting and hydrogen attack. Occasionally, 

fracture also begins at secondary cracks. 
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This work focuses on investigating and discussing the suitability of two steel 

grades, casing steel API 5CT J55 and pipeline steel API 5L X56 (X56), for 

potential application in salt caverns for H2 storage. The motivation for the se-

lection of these steels is explained in the following materials section. Previous 

studies have often been limited to the theoretical possibility of storing hydrogen 

in caverns (e.g. gas tightness, microbial activity, utility for the grid) and to the 

general performance of steels under different hydrogen pressures. However, 

in this study, particularly the combination of pressurized hydrogen and cavern 

storage of gases is of interest in the stability analysis of the steels. Therefore, 

surface investigations with microscopic techniques in combination with surface 

composition analysis were performed on steel samples after treatment in high 

pressure reactors with H2 atmosphere involving variation of temperature, pres-

sure and permanent brine. The objective of the work was to investigate the 

visible aging effects on the surface, to assign the effects to the applied condi-

tions, and to identify trends in the corrosion and cracking patterns of the steel 

samples as a function of the exposure conditions and duration. 

5.3 Materials  

The API 5CT J55 (Mannesmann Line Pipe GmbH) (Figure 4a) investigated in 

this study is a casing pipe steel that is commonly used for natural gas storage 

in salt caverns, but its application in traditional underground natural gas stor-

age does not automatically qualify it for use in the same with H2. This steel was 

normalized during production via a hot rolling mill. The chemical composition 

of steel grades for casing according API 5CT is mostly comparable and is not 

subject to major limitations. The differentiation between the 5CT steel grades 

is based on their properties such as minimum yield strength and tensile 

strength. The yield strength is also responsible for the grade classification, e.g. 

for J55 it is 379 MPa [181]. The minimum tensile strength is 517 MPa [181]. 

Willett [185] investigated the susceptibility of electrically welded J55 to hydro-

gen-induced cracking (HIC). Extensive HIC was observed during mill testing, 

which was attributed to segregation in the centerline and inhomogeneity of the 
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microstructure. Although the test setup is not closely related to material testing 

under H2 salt cavern boundary conditions, the study shows that hydrogen em-

brittlement can occur in the material under certain treatments and conditions 

and therefore testing is of great importance. In addition, the example shows 

that special attention should be paid to the welds of the pipelines. 

 

Figure 4. Pictures of a) API 5CT J55 and b) API 5L X56 after 

water jet cut prepared samples for accelerated stress testing. 

Additionally, the steel grade API 5L X56 (Mannesmann Line Pipe GmbH) (Fig-

ure 4b) was investigated in this study for comparison reasons. This steel fol-

lows the “H2ready” production route via thermomechanical rolling of Mannes-

mann Line Pipe and has a yield strength of 390 MPa and a minimum tensile 

strength of 490 MPa [184, 186]. Although these values are not congruent to 

the aforementioned API 5CT J55, X56 steel can be produced to meet not only 

the requirements of X56 steel but also those of J55 steel. Since literature of 

this relatively new “H2ready” production route is currently only published for 

the very similar steel API 5L X52 with slightly shifted strength level, this alter-

native steel grade is used to present the novel steelmaking process and the 

possible consequences for its suitability for an H2-storing salt cavern [123]. 

Brauer et al. [186] investigated two as API 5L X52 classified steels, where steel 

type 1 was produced using a normalized hot rolling mill and steel type 2 was 

thermomechanically rolled according to Mannesmann Line Pipe specifications 

for "H2ready" pipe. Steel type 2 was found to have increased grain refinement 
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and higher homogenization rate compared to steel type 1. Slow strain rate 

tests (SSRT) conducted in an 80 bar H2 environment indicate that steel type 1 

is affected by H2, while steel type 2 demonstrates good resistance to H2-in-

duced degradation. Since H2 dissociates on active metal surfaces (free of ox-

ide layers), their formation should be avoided by reducing the occurrence of 

notches and ridges inside the tube. Moreover, the reduction of active metal 

surfaces suppresses local stress fields and thus critical crack growth. The re-

sults of the presented study [186] refer to the application in pipelines. A test 

under the boundary conditions of salt caverns was not performed in the re-

ferred study. To improve the resistance to hydrogen embrittlement, the chem-

ical composition of the alloy plays an important role [130, 132, 187]. A lower 

carbon content improves weldability and thus reduces the probability of hydro-

gen penetration into the alloy. Reducing the phosphorus and sulfur content 

minimizes the material's points of attack due to lower impurities. Another im-

portant factor in durability is microstructure, which can be affected by the man-

ufacturing process. For this, no independent studies were identified. 

Since the “H2ready” production route seems to be promising for the production 

of H2-resistant steels, in this presented study, the aforementioned 

API 5L X56 (X56) pipeline steel was selected for the investigations in addition 

to the conventional casing steel J55. The research question does not refer to 

the general applicability for H2, but to the suitability under salt cavern boundary 

conditions in combination with H2. Surface tests were performed and the re-

sults of the two steels were compared. It should be remarked that within the 

classification according to API 5CT J55 or API 5L X56 the mentioned proper-

ties regarding strengths or limits in the chemical composition are prescribed, 

but due to the different manufacturing processes (as described for 

"H2ready" X56) or slightly different chemical compositions there may be differ-

ences regarding the qualification for caverns and pipelines for hydrogen. 
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5.3.1 Microstructural Analysis of J55 and X56 

For the evaluation of SEM images, knowledge of the microstructure is helpful 

for further interpretation. Grain boundaries, interstitial sites and impurities can 

play a decisive role, especially in the interaction of H2 and the investigated 

steels [130, 187, 188]. In the later part of this paper, the microstructure will be 

used for discussion. The images shown in Figure 5 represent the microstruc-

ture with marked grain boundaries of the two steels studied, J55 and X56. The 

structure was obtained after polishing the surface to 0.25 µm and subsequent 

etching with 3 vol.% Nital (3 vol.% nitric acid (Roth ROTIPURAN®, pu-

rity ≥ 65%) in ethanol (Roth ROTIPURAN®, purity ≥ 99.8%)). Grain size was 

determined by averaging the length of several grains in multiple directions. For 

this, 300 length measurements per sample were performed using the image 

processing software ImageJ and the average of three samples per steel was 

determined.  

Analyzing three different images for J55, a mixture of pearlite and ferrite can 

be determined after visual comparison with images from literature [182, 189, 

190]. The average grain size was measured to be 6.60 ± 2.62 μm. For X56, a 

major ferrite structure with a reduced fraction of isolated pearlite grains can be 

identified by comparing images from literature [191, 192]. Clover et al. [193] 

confirmed this structure in their study on X56. An average grain size of 

3.57 ± 1.74 µm was determined. 
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Figure 5. Microstructure SEM image of a) API 5CT J55 and b) API 5L X56 

after polishing to 0.25 µm and subsequent treatment with 3 vol.% Nital etch. 

5.4 Methods 

5.4.1 Sample Preparation  

Samples of the two steels J55 and X56 were cut out of steel pipes by water jet 

cutting in squares of 20 mm x 20 mm with a thickness of 19 mm for J55 and 

13 mm for X56, respectively. The chemical stability of the steel types was in-

vestigated comparing untreated and sanded sample surfaces. The sanding 

was conducted in order to induce crack formation, enlarge the (active) surface 

area and increase probability for hydrogen uptake. Only the four cutting 
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surfaces were sanded to maintain the curvature and coating of the samples. 

The samples were sanded with a sanding machine (LaboPol-20, Struers 

GmbH) using a resin bonded diamond disc (MD Piano 220) with a hardness 

classification of HV 220. Subsequently, the sanded samples were washed 

twice for 2 min each in fresh isopropanol (Roth 2-Propanol, purity 99.5%) in 

the ultrasonic bath (Elmasonic S10H). 

5.4.2 High-Pressure Reactor 

The accelerated stress test experiments were conducted in order to investigate 

the impact of salt cavern boundary conditions on different steels. The experi-

ments were performed in high-pressure reactors (BR-500, Berghof Products + 

Instruments GmbH) containing a 316Ti stainless steel cylinder with an inner 

PTFE cylinder with a liquid volume of 500 mL.  

 

Figure 6. Overview of experiments performed with two different steel types. 

Surface state prior to the experiment start and varied conditions in the high-pressure 

reactor to emu-late a hydrogen filled salt cavern and comparative measurements 

with defined environments are shown. Each experiment is the varied 

combination of the individual boxes (i.e. J55, sanded, brine, hydrogen). 

The selection of variations in the experiments is shown in Figure 6. For both 

materials, 12 experiments were performed in total derived from a combination 

of the initial sample conditions (untreated or sanded), the reactor conditions 

(dry, water and brine), and the gases used (H2 and nitrogen (N2)). Each test 
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was conducted with a new sample. First the sample was placed in the PTFE 

cylinder. Subsequently, the reactor chamber was purged with 100 bar gas 

pressure. As the respective process gases H2 (Linde GmbH, purity 6.0 

(>99.9999 %)) or N2 (Linde GmbH, purity 6.0 (>99.9999 %)) were used. Meas-

uring the oxygen (O2) and N2 content of the gas in the reactor, the required 

number of 6 purging cycles was determined in order to have a concentration 

of over 99.999 % for H2 in the reactor at the start of the test. For accelerated 

ageing temperature cycling was performed. Starting at room temperature (ap-

prox. 25 °C) the temperature was cycled between 160 °C and -10 °C (process 

thermostat “Grande Fleur”, Peter Huber Kältemaschinenbau AG). Simultane-

ously, pressure cycling between 90 to 150 bar was induced as a consequence 

of the temperature cycling within the reactor. Heating and cooling were con-

ducted repeatedly in six cycles and the set temperatures were hold constantly 

for 4 h each time resulting in 72 h (3 days) in total. Then, the measurement 

was stopped at 25 °C. The sample was removed from the chamber, rinsed with 

isopropanol (Roth 2-Propanol, purity ≥ 99.5 %) and dried with a N2 gas gun. 

Besides this “dry” condition, the same experiments were also performed using 

two different types of liquid (20 mL) within the chamber. In the “water” condition 

experiments high-purity water (ρ ≥ 18,2 MΩ/cm) was used. And for the “brine” 

condition artificially recreated brine was prepared and applied in the chamber 

which was based on a measured composition of a brine extracted from a salt 

cavern. The brine was mainly composed of Na+ (c = 5.513 mol/L) and 

Cl- (c = 5.442 mol/L) ions and additionally contained K+ (c = 14 mmol/L), 

Mg2+ (c = 10 mmol/L), Ca2+ (c = 24 mmol/L), SO4
2- (c = 42 mmol/L) and 

Br- (c = 0.3 mmol/L) ions as minor constituents. The samples were immersed 

in the liquids during the experiments. Furthermore, in addition to the 3 days 

cycling, 14 days cycling was performed with selected environments using only 

dry and brine conditions with H2. Thus, additional 4 samples per steel type 

result from these combinations. 
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5.4.3 Scanning Electron Microscopy and Energy Disper-

sive X-Ray Spectroscopy 

The samples were analyzed with a scanning electron microscope and an en-

ergy dispersive X-ray spectroscope (ZEISS NEON 40 EsB). An accelerated 

voltage of 15 kV was used for the measurements. The surfaces were screened 

for pits and cracks with a magnification of 200X. The EDX analysis was per-

formed with a 35X magnification at three random spots in order to calculate a 

mean value for the weight percentage of the detected elements. For the refer-

ence three pristine samples were analyzed and the mean values were calcu-

lated.  

5.5 Results and Discussion 

In the following results, the influence of H2 storage under cavern conditions on 

casing and pipeline steels is considered via accelerated stress tests. To deter-

mine the various influencing factors, different conditions in the reactor (dry, 

water, brine, each with H2 and N2), steel types (J55 and X56) and experiment 

durations (3 and 14 days) were applied as described in the methods section. 

The temperature and pressure thresholds of the cycling were not varied be-

tween experiments. After first discussing the results of the corrosion resistance 

determined by EDX, the results of the SEM investigation follow.  

5.5.1 Analysis of Corrosion with Energy Dispersive X-

Ray Spectroscopy 

The following figures focus on the discussion of elements most significant for 

corrosion, which are iron (Fe) and oxygen (O). Other elements detected in the 

EDX were mainly carbon and are not shown in the following diagrams for a 

better overview. The proportion of the two elements Fe and O on the surface 

is shown as a function of the conditions investigated. In red the proportions of 

Fe are shown, in blue those of O. The reference values (half-filled triangles) 
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were determined by averaging 3 different steel samples without any exposure 

to experimental conditions in the reactor. The filled symbols refer to the 3 days 

tests, the empty ones to 14 days tests. The squares show the values for high 

pressure experiments under H2 atmosphere, the circles those under N2 atmos-

phere. The graphs were divided into untreated and sanded samples to make 

it simpler to interpret the results when the initial conditions are the same. This 

results in two figures for each material (J55 and X56). 

5.5.1.1 EDX Analysis of J55 

 

Figure 7. Results from EDX analysis for Fe and O on untreated and 

sanded surfaces of J55 samples before (reference) and after 3 days (3d) 

and 14 days (14d) of high-pressure experiments. Visualized are results 

from varied conditions (dry, water, brine) and gases (H2, N2). 
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Figure 7 shows the EDX results of the corrosion determination for casing steel 

J55. In general, it can be seen that at the end of the experiments, the Fe con-

tent is smaller compared to the reference, while the O content is larger. This is 

a clear indication that under all conditions (except for the sample untreated, 

water, N2, 3 days) corrosion has taken place via the formation of iron oxide. 

Since the off-trend sample was not analyzed by EDX prior to the test, this result 

is considered as an exception. 

In the following, the individual applied conditions in the reactor will be com-

pared. It can be seen that less iron oxide was formed under dry condition for 

both sample states than under water and brine conditions. This is in line with 

expectations, since high-purity gases (H2 6.0 and N2 6.0, both with pu-

rity > 99.9999%) were used for the experiments containing only small traces 

of O2 and water. Thus, corrosion at the surface is only limitedly probable. Nev-

ertheless, it is possible that the reactor was not sufficiently purged of atmos-

pheric O2 despite the purging processes with the investigated gases (H2 or N2) 

before the start of the experiment. The aim was to achieve an O2 content sim-

ilar to that of H2 5.0 (purity >99.999%) prior to the experiment. However, con-

tamination with O2 and water cannot be precluded.  

Compared to the dry conditions, the experiments under water and brine con-

ditions show significantly more iron oxide formation. This effect is particularly 

pronounced for the sanded samples, since surface oxides were removed when 

the reference was sanded before the start of the experiment and thus no oxy-

gen was determined. This result illustrates that corrosion is generally promoted 

by moisture. Corrosion of iron in combination with water is possible via several 

reaction steps. Due to the high-purity water (ρ ≥ 18.2 MΩcm) or brine used, an 

alkaline cathodic reaction of water is likely (the products are hydroxide ions), 

while Fe ions are formed via anodic dissolution of Fe. Iron hydroxide (Fe(OH)2) 

is formed from the two intermediate products, and further reaction is possible 

under alkaline conditions to form hematite (Fe2O3*H2O) [194]. However, it is 

beyond the scope of this work to isolate and determine the iron oxide products.  
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The results for J55 are to be compared for water and brine condition, since the 

latter corresponds to the conditions of the salt cavern, especially in combina-

tion with H2. Figure 7 shows that more iron oxide is formed for the brine condi-

tion than in ultrapure water. This is particularly striking for the sanded samples. 

The difference in the corrosion rate can be explained by the presence of dif-

ferent salt ions. The composition of the brine was explained in the methods 

section. The effects of three metal ions from the salts (sodium (Na+), magne-

sium (Mg2+) and calcium (Ca2+) with chloride (Cl-) as anion) on N80 were stud-

ied by Lin et al. [183]. N80 is another casing steel grade within the API 5CT 

classification. A decrease in corrosion rate with increasing ion concentration 

was observed for Na+. This trend was attributed to the reduction in oxygen 

dissolution by the Na+ ions [183]. For Mg2+, a radical increase in corrosion rate 

was observed due to acceleration of ion transport in the salt solution. Ca2+ 

showed suppression of corrosion at low concentrations, but above about 

30 wt. % it showed enhancement due to dynamic formation of Ca deposits by 

Ca precipitation [183]. The results of this study can be directly applied to the 

J55, since oxygen dissolution and ion transport depend on the solution and not 

on the steel. 

Elfergani and Abdalla [195] studied the effect of chloride (Cl-) concentrations 

on the corrosion rate with different ASTM A285 grade C carbon steels [196]. 

The Cl- concentration was regulated from 1 to 6 wt. % by the addition of NaCl, 

which led to a corresponding increase in the Na+ ion concentration. A maxi-

mum in the corrosion rate was found at 3 wt. % NaCl. The maximum can be 

explained as an equilibrium state between the corrosion acceleration by Cl- 

and the mentioned corrosion suppression by Na+. In any case, the Cl- has an 

intensifying effect on corrosion. Firstly, it has the ability to penetrate the pas-

sivating iron oxide layer, leading to destabilization and localized corrosion at-

tack. Secondly, it catalyzes the anodic reaction of Fe to Fe(II) [195]. Zhao et 

al. also described a possible catalytic mechanism that accelerates the corro-

sion reaction by Cl- [197]. Kasthuri et al. [198] demonstrated similar effects of 

NaCl, namely an initial increase in the corrosion rate with increasing Na+ con-

centrations followed by a decrease. The results shown can be applied to the 
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J55 studied here, since the chemistry of the passive layer and the catalytic 

reactions might be similar. 

While some salt compounds enhance corrosion, others have a reducing effect, 

such as suppressing oxygen dissolution. Therefore, varying chemical compo-

sitions of the brine in different salt caverns can have different effects on the 

steel. The simulated salt solution prepared and used here on the basis of a 

real brine sample shows an overall intensification of corrosion.  

A further trend emerges when comparing the tests under H2 and N2 at the 

same conditions in each case (water or brine). As N2 (inert) can only have 

limited negative effects on corrosion due to the high pressure but not due to 

chemical reactions by the gas molecules, corrosion is slightly pronounced un-

der H2 atmosphere, as expected. Thomas et al. [199] were able to show an 

enhancement of the corrosion effects for Fe with absorbed H as well as for 

different types of steels. The enhancement could be attributed to various ef-

fects of H2 on the steel and its passivation layer. Local phase transformations 

may occur due to the enrichment of the metal lattice [200]. In addition, various 

postulations claim that H2 could cause destabilization of the passivation layer. 

It is assumed that H2 reduces oxygen, the passive film, and oxygen-containing 

species such as O2- and OH- within the passive film [201-203]. These reduction 

processes change the chemical composition of the passive film, altering its 

electronic properties and stability [204]. While this theory could explain the in-

crease in corrosion in the untreated samples, the sanded samples do not ex-

hibit a passive film on the surfaces studied. However, Thomas et al. also 

showed that in steel with absorbed hydrogen, hydrogen intrinsically enhances 

the anodic reaction (iron dissolution) [205]. Weakening of local metallic bond-

ing by interstitial H-atoms was shown [199]. The combination of the proposed 

mechanism, destabilization of the passive layer and promotion of iron dissolu-

tion, could change the chemical composition of the passive layer such that 

more O and less Fe would be present. In the EDX results this is only evident 

for untreated/sanded and water condition. Considering the error bars, for the 

other conditions these differences are not emphasized. However, the EDX 
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technique is not sensitive enough for such observations and various other 

mechanisms and reactions add to the complexity. Although the trend visible in 

this study cannot be definitively assigned to any of the above theories, hydro-

gen appears to enhance corrosion. Since the trend is observed not only in the 

untreated samples but also in the sanded samples, this is an indicator for the 

promotion of Fe dissolution. 

For accelerated stress testing of the above discusses results, an experiment 

duration of 3 days with temperature (and pressure) cycling was specified. In 

order to be able to estimate the long-term effects of storing H2 in salt caverns 

as a function of the steels tested, 14 days experiments were carried out under 

H2 atmosphere for the conditions of particular interest. The results of the tests 

are shown as empty squares for untreated and sanded, and for dry and brine 

conditions in Figure 7. Generally, it can be seen that, with the exception of 

untreated dry condition, the oxygen content is higher and the iron content lower 

after 14 days than after 3 days, as expected. This is a clear indication that 

significant further corrosion occurs between 3 and 14 days and that there was 

no saturation with iron oxide after 3 days of accelerated stress testing on the 

surface. The sample not following the trend is considered to be an anomaly, 

since irregularities in the original oxide layer cannot be excluded, especially in 

the untreated samples, so that other reference values would be necessary.  

5.5.1.2 EDX Analysis of X56 

The results demonstrated in the following consider a pipeline steel of a newer 

type, which is supposed to be particularly stable for H2 applications due to its 

homogenized surface (“H2ready”), but which has not yet been tested for salt 

cavern use. 
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Figure 8. Results from EDX analysis for Fe and O on untreated and 

sanded surfaces of X56 samples before (reference) and after 3 days (3d) 

 and 14 days (14d) high-pressure experiments. Visualized are results 

 from varied conditions (dry, water, brine) and gases (H2, N2). 

In Figure 8, the results of the corrosion study of the X56 steel samples under 

different conditions (dry, water, brine and H2, N2) for 3 and 14 days are com-

pared with the reference. The color code corresponds to that of Figure 7 for 

the J55 steel. In general, the trend shows again a decrease for the Fe content 

and an increase in the O content from reference to dry, water, and brine envi-

ronment. Thus, this repeatedly indicates surface corrosion. Under dry condi-

tions, only a very slight difference can be seen between the tests with H2 and 

N2, so that the assumption of the presence of small residual amounts of water 
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and oxygen in the respective reactor during the test continues to explain the 

corrosion that has taken place. Since the X56 steel investigated here largely 

corresponds to the specifications of J55 in terms of chemical composition and 

strength level, the corrosion rates under water and brine conditions are as ex-

pected higher than under dry condition. It is also evident for X56 that the ca-

thodic adsorption of oxygen and the anodic release of iron can cause iron hy-

droxide and consequently further iron oxides to form on the surface. More de-

tailed explanations were discussed in the previous section on J55.  

5.5.1.3 Comparison of EDX Results for J55 and X56 

To highlight the differences in terms of corrosion between the two studied 

steels under cavern conditions, Figure 9 summarizes the particularly interest-

ing results with sanded samples and brine conditions from Figure 7 and Figure 

8. The proportion of Fe and O on the surface is shown as a function of the 

gases studied and the experiment duration. Again, in red the proportions of Fe 

are shown, in blue those of O. The stars refer to J55, the triangles to X56. The 

reference values are represented as half-filled symbols.  

By comparing the results for sanded X56 samples under brine conditions for 3 

days for H2 exposed samples to those for N2 exposed ones, in contrast to J55, 

no significant deviations in the Fe and O contents are apparent. The same was 

found for the water conditions (Figure 8), but is particularly noteworthy for the 

experiments under brine condition and thus the most cavern-like condition. 

This difference to J55 is an important observation as it indicates that X56 has 

a higher resistance to H2 due to the lower corrosion rate under H2 atmosphere 

and thus seems more suitable for potential use in a H2 cavern. 
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Figure 9. Compared results from EDX analysis for Fe and O on sanded surfaces 

of J55 and X56 samples before (reference) and after 3 days (N2 + H2) and 

14 days (H2) high-pressure experiments under salt cavern conditions (brine). 

The “H2ready” production route of Mannesmann Line Pipe GmbH, which was 

applied for X56, uses a lower phosphorus and sulfur content in the alloy re-

ducing impurities and thus the points of attack for hydrogen atoms. Further-

more, this route results in grain refinement and homogenization of the steel 

structure, especially from the surface. This was confirmed by analyses of the 

microstructures carried out for J55 and X56 (Figure 5) showing finer grains for 

X56 (3.57 ± 1.74 µm) than for the J55 steel (6.60 ± 2.62 μm) and a more ho-

mogeneous distribution at the surface. In addition, only isolated pearlite grains 

are visible in X56, while in J55 there is a clearly evident mixture of ferrite and 

pearlite grains (Figure 5). Various studies using thermal desorption spectros-

copy (TDS) and hydrogen desorption energy calculations have shown that 

grain boundaries can act as relatively strong hydrogen trap sites [124, 206, 

207]. In consequence, the altered microstructure with finer grains for X56 re-

duces hydrogen trapping in the material. As discussed for the J55 steel, it has 

been postulated that trapped hydrogen increases the probability of iron disso-

lution by reducing the metallic bond strength near the trapped hydrogen. Since 

an increase in iron dissolution enhances corrosion effects, trapping hydrogen 

could be directly related to increased corrosion. Consequently, if the material 
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treatment reduces the trapping potential for hydrogen, it also reduces the cor-

rosion-promoting effect of hydrogen. Although there is no clear difference be-

tween the samples exposed to H2 and the N2 equivalents, it cannot be ruled 

out that the H2 has some influence on corrosion that is not visible within the 

sensitivity of the characterization method used. 

The results of the 14 days tests of X56 for the untreated sample are very com-

parable to those of J55, but for the sanded sample of X56 a significant differ-

ence to J55 can be seen (Figure 9). While this is only marginally apparent for 

the sample under dry condition (Figure 7 and Figure 8), the difference under 

brine condition (Figure 9) is much more pronounced. For J55, after 14 days 

under this condition, there was a significantly lower Fe content on the surface 

than after 3 days and a correspondingly higher content of O. For X56, the Fe 

and O contents are even within the error bars of the 3 days test. Based on 

these measurements, it is reasonable to conclude that in the case of acceler-

ated stress testing, a passivating (bulk material protecting) entire iron oxide 

layer has already formed after 3 days and therefore no further corrosion prod-

ucts can be detected after 14 days. Thus, the long-term results also confirm 

the statement that this “H2ready” X56 appears to be better suited under the 

cavern conditions and that the manufacturing process has a positive effect re-

garding the cavern conditions simulated here under accelerated stress testing. 

5.5.2 Surface Crack Analysis with SEM 

The microscopic investigation is intended to identify the trends in surface fea-

tures such as surface cracks and fractures in the two steel types. As in the 

previous section, all conditions (dry, water, brine and H2, N2) and steel types 

in both states (J55: untreated, sanded; X56: untreated, sanded) were ana-

lyzed, but in the following section only images of selected samples are shown, 

e.g. after treatment under the most extreme conditions. Several potential 

cracking variants exist and were observed, e.g. corrosion fatigue (CF) or sev-

eral types of environmentally induced cracking (EIC) such as stress corrosion 
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cracking (SCC), hydrogen induced cracking (HIC) and stress-oriented hydro-

gen induced cracking (SOHIC).  

5.5.2.1 SEM Imaging for J55 

 

Figure 10. SEM image of the sanded reference sample J55 at magnification of 200X. 

In the following part, the cracking and the consequences for the J55 steel will 

be considered first. For comparison, Figure 10 shows the sanded reference 

sample J55 before performing the experiments in the high-pressure reactors. 

Figure 11 shows two images of J55 at 200X magnification after the end of the 

experiment with sanded sample a) after 3 days and b) after 14 days of exper-

iment, both under brine conditions and H2 atmosphere. First of all, it can be 

seen that in the reference sample (Figure 10) only the marks of sanding and 

no initial cracks are visible. After 3 days of accelerated stress test, some cracks 

are already present on the surface of the sample, which are branched and 

discontinuous to some extent, as shown in the three magnified areas. A rep-

resentative selection was chosen here. Comparable crack formation patterns 

can be found on the entire surface. The formation of cracks in local corrosion 

features on the surface can be seen. The same crack patterns apply to the 

sample after 14 days, but occurrence is much more pronounced. Here, distinct 

cracks can already be seen without additional magnification, which often de-

velop in a branched manner. After 14 days, the cracks grow through the entire 

surface, which was not the case after 3 days of stress test. From these 
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observations it can be concluded that the cracks grow with time of exposure 

and additional cracking takes place. Therefore, the material suffers from pro-

longed exposure to the salt cavern conditions. 

 

 

Figure 11. SEM images of sanded J55 samples at magnification of 200X after 

a) 3 days and b) 14 days high-pressure experiments with H2 and brine. In the 

images, the cracking patterns in the marked areas (continuous line) are 

highlighted in yellow within the magnification of these areas (dashed line). 
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Possible cracking variants are discussed in the following. HIC typically exhibits 

straight-line regular cracking without branching, so this process is not applica-

ble in the case of J55 [208]. SOHIC is caused by hydrogen absorption followed 

by internal recombination and can be initiated by HIC and SCC [208, 209]. 

SOHIC is typically observed next to welds in the heat affected zone and exhib-

its a ladder-like crack array without much branching [209]. Since Figure 11 

shows a very branched pattern without a clear perpendicular or laminar con-

tinuation of the cracks and the cracking is also observed in SEM images after 

N2 exposure (Figure 12), HIC and SOHIC can be excluded as the main crack-

ing mechanisms. The highly branched cracks typical of SCC coincide with the 

visible cracks (Figure 11), however, SCC exhibits a striking feature of little cor-

rosion on the stress corrosion surface even in a corrosive solution [208]. This 

distinguishing feature does not fully apply here, since the EDX results indicate 

the presence of small amounts of corrosion products (iron oxide) in the crack 

structures, although less oxygen is found in these locations than in the sur-

rounding areas. While the environmentally induced cracking variants do not 

evidently qualify as the main cracking mechanism, CF could be the underlying 

factor. CF combines a corrosive environment (brine) with cyclic stresses that 

can be caused by temperature and hydrogen-independent pressure cycling. 

Corrosion products within the cracks as well as a barely present branching are 

characteristic features [208]. Crack formation often starts in pit-like structures 

or local oxide particles for J55, which is consistent with the CF theory. How-

ever, branching is visible in the crack structures, which contradicts this theory. 

As mentioned earlier, several cracking mechanisms can occur simultaneously, 

so differentiation and definite assignment is limited with the applied character-

ization methods [208]. Based on the experimental conditions and some visible 

features, CF probably plays an important role in the cracking process of the 

steel samples. In the brine, more localized corrosion attacks may occur due to 

the salt ions, thus providing more trigger points for CF.  
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Figure 12. SEM image of sanded J55 samples at magnification of 200X 

after 3 days high-pressure experiments with N2 and brine. In the 

images, the cracking patterns in the marked areas (continuous line) are 

highlighted in yellow within the magnification of these areas (dashed line). 

Comparing the samples in environments with N2 exposure (Figure 12) with 

those in H2 exposure (Figure 11), an increase in crack occurrence is observed 

with H2. Additionally, it is evident that cracking occurs over a wider area, and 

is less limited to a specific surface feature and single oxide structures. How-

ever, the morphologies of the H2 exposed samples may be dominated by fa-

tigue cracking as well as CF, possibly in combination with SCC or hydrogen-

assisted cracking (HAC). Hydrogen atoms could be absorbed and accumulate 

in the crack tip, accelerating further cracking. In the hydrogen-enhanced deco-

hesion (HEDE) theory, crack propagation and acceleration are explained by 

the decreased binding energy of the lattice caused by the agglomeration of 

hydrogen atoms at the crack tip [210]. This is an explanation for the increase 

in crack formation under H2 atmosphere. It should be noted that exposure to 

H2 also led to an intensification of corrosion effects in J55, increasing the initi-

ation points for crack formation and thus the crack frequency.  
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5.5.2.2 SEM imaging for X56 

To further extend and, where appropriate, confirm the conclusions from the 

EDX observations regarding the suitability of J55 and X56 for use under cavern 

conditions, the SEM images of X56 are presented below and compared with 

those of J55.  

 

Figure 13. SEM image of the sanded reference sample X56 at magnification of 200X. 

The images of X56 at 200X magnification are shown with the sanded reference 

sample in Figure 13, and with the sanded samples under brine condition and 

H2 atmosphere after 3 days (a) and after 14 days (b) of experiment in Figure 

14. After 3 days, as with J55, some cracks and deposits can be located dis-

tributed over the surface, but the frequency of these cracks is rather limited. 

The entire surface of the sample must be scanned to find individual sections 

with single cracks. The same applies to the sample after 14 days of exposure. 

Similarly, to the 3 days results, a homogeneous oxide structure with some ox-

ide containing holes is found (via EDX mapping of oxygen) on the surface with 

only a few short and less branched cracks. However, it can also be seen that, 

as with J55, these cracks start in pits and grow from there. Local corrosion 

promoted by salt ions creates stress concentration points and consequently 

initiation points for crack formation. As mentioned earlier, in the CF mecha-

nism, local corrosion points, such as pits, often serve as initiation points [208]. 
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As far as cracking is concerned, only a few differences between the 3 days 

and 14 days tests can be identified (Figure 14). 

 

 

Figure 14. SEM images of sanded X56 samples at magnification of 200X after 

a) 3 days and b) 14 days high-pressure experiments with H2 and brine. In the 

images, the cracking patterns in the marked areas (continuous line) are 

highlighted in yellow within the magnification of these areas (dashed line). 
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By comparing the SEM images of H2 and N2 exposed samples (Figure 14 and 

Figure 15), it is apparent that, unlike the J55 sample, there is no clear deviation 

in the frequency of cracks. As described previously, the microstructure of the 

steel affects the hydrogen diffusivity. Grain boundaries with strong hydrogen 

trap sites (high local concentration of hydrogen) can cause structural defects, 

so that a finer grain structure increases the amount of hydrogen diffusion in-

hibitors (less hydrogen trapping) [124, 206, 207]. It is not only the finer and 

more homogeneous grain boundaries in the microstructures that have an in-

fluence in detail, but also the general ratio of ferrite and pearlite structures. 

Steels with a higher pearlite proportion are more susceptible to HIC and SCC 

[191, 211, 212]. The images show that the finer and more homogeneous grain 

structure of X56 reduces the negative impact of H2. According to the described 

HEDE theory, the prevention of hydrogen trapping is of great importance, since 

in consequence HIC, HAC as well as SOHIC cannot occur. 

 

 

Figure 15. SEM image of sanded X56 samples at magnification of 200X 

after 3 days high-pressure experiments with N2 and brine. In the 

images, the cracking patterns in the marked areas (continuous line) are 

highlighted in yellow within the magnification of these areas (dashed line). 
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The comparison of sanded X56 (Figure 14b) and J55 (Figure 11b) samples 

after 14 days of exposure to H2 and brine condition reveals, firstly, a much 

more homogeneous oxide layer and, secondly, reduced cracking in frequency 

and severity for X56. Iron oxide can serve as a natural protective layer if uni-

form corrosion is present on the surface and is not a general indication of loss 

of material strength. The surface of J55 appeared rough and with various lo-

calized attack points in SEM images. Localized corrosion leads to stress con-

centration factors that reduce rather than increase the strength and durability 

of the steel. However, the EDX results in the previous section also displayed 

an effect of H2 on the corrosion rate for J55, suggesting that additional reac-

tions are involved besides natural oxide formation. As discussed earlier, hy-

drogen could change the composition of the oxide layer by reducing oxygen 

species in the layer and catalyzing iron dissolution. Changes in chemical com-

position can lead to changes in both electronic properties and stability, possibly 

resulting in a reduction in material strength. Mechanical tests were not per-

formed as part of this study, but they are useful for estimating the final effect 

on mechanical strength. Classical tensile tests cannot be performed on the 

samples considered due to the geometry and curvature of the pipe. Alternative 

characterization methods are required for this research, which will be per-

formed in the form of micro tensile tests (M-TT) or small punch tests in follow-

ing studies (SPT) [213]. 

Overall, the “H2ready” production process of X56 as well as the chemical com-

position seem to have a clear positive influence on preventing crack formation 

and establishing the formation of a passivating homogeneous oxide layer. As 

mentioned earlier, the X56 investigated in this study meets the strength re-

quirements for a J55 classification, so the small deviation in strength should 

be negligible. Thus, the comparison of the two steels, J55 and X56, shows that 

from a scientific point of view, the “H2ready” X56 steel is more suitable for the 

typical application in an underground H2 storage. However, the results might 

only provide an approximation to aging mechanisms under real H2 salt cavern 

conditions. Steel samples from an existing H2 underground storage are not 

available, yet. Nevertheless, for industrial realization, the study’s results can 
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be considered, but a compromise between economic arguments and long-term 

durability always applies.  

5.6 Conclusion  

In this study, the casing steel API 5CT J55 and the pipeline steel API 5L X56 

were tested on a laboratory scale as a potential option for the application in 

salt caverns for H2 storage. The aim of the material selection was to compare 

a steel conventionally used for the storage of natural gas in caverns and a steel 

type of more recent development, for which the manufacturer is aiming for ap-

plications with compressed H2.  

Experiments were performed in high-pressure reactors under H2 and N2 at-

mospheres, respectively, applying an accelerated stress test by varying the 

temperature (-10 to 160 °C) with pressure change (90 to 150 bar) due to the 

autoclaved conditions. For separate as well as combined determination of the 

influence of H2 and cavern conditions, dry and humid (water) conditions were 

tested in addition to the experiments with brine. To estimate the effects on the 

surface of the steel, longer experiments for 14 days were likewise performed 

in addition to the accelerated stress tests for 3 days. Characterization of the 

surface change was done using EDX and SEM. The focus was thus placed on 

the observation of the chemical corrosion effects (EDX) and the cracking pat-

terns (SEM).  

The analysis with EDX initially showed that for all conditions and gases corro-

sion of the two steels could be evidenced by an increase of oxygen on the 

surfaces, but there was a clear intensification of the effects for the brine con-

ditions compared to the dry and humid ones. However, it should be empha-

sized that only for J55 an intensification of corrosion could be detected for H2 

exposed samples. The X56 steel showed less corrosion under the typical cav-

ern conditions with brine and H2, particularly in the long-term tests.  
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Not only the degree of oxide formation due to corrosion determined with EDX 

by the amounts of iron and oxygen on the surface indicate a higher resistance 

of X56, but also the SEM images reveal a homogeneous structured oxide layer 

for X56, which has a potential passivating effect. For J55, on the other hand, 

numerous local corrosion points were found, which in turn offer further paths 

of attack for hydrogen. The latter can additionally result from the formation of 

cracks on the surface of the steel. Through the evaluation of the SEM images, 

it could be demonstrated that for J55 a pronounced crack pattern developed 

under the conditions of the cavern (brine and H2), especially after 14 days of 

stress test. In contrast, for X56 only minor cracking was found. It should be 

highlighted that for X56, again, no dependence on the gas (H2 or N2) and the 

conditions (dry, water, brine) could be determined concerning the crack for-

mation. 

As both steel types investigated, J55 and X56, have a similar classification and 

thus comparable material properties (material strength), the differences in the 

results are probably attributable in particular to the "H2ready" production route 

of X56. In addition to the aim of grain refinement and homogenization of the 

material, reduced phosphorus and sulfur contents are used in the alloy, result-

ing in fewer impurities and thus points of attack for hydrogen atoms. The SEM 

investigations carried out for J55 and X56 confirm this microstructure for X56 

with finer grains than for J55. 

In conclusion, the X56 steel displayed slight cracking and corrosion in the tests 

carried out in this study, but no significant intensification under typical cavern 

conditions with brine was observed. A distinct influence of the H2 cannot be 

determined. From the comparative approach with SEM images and the inter-

pretation of the identified trends from the EDX results it can be concluded that, 

from a scientific point of view, the "H2ready" X56 appears to be qualified for 

an underground application in the salt cavern with H2 than the conventionally 

used J55 casing steel. 
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6.1 Abstract 

Salt caverns are increasingly considered for large-scale hydrogen storage to 

support Germany’s energy transition and decarbonization goals. This study 

investigates the feasibility of hydrogen storage in a small salt cavern in Rüders-

dorf, Germany, focusing on hydrogen purity after underground storage. Using 

controlled injection and withdrawal experiments, hydrogen samples were ana-

lyzed for contaminants according to EN 17124:2022. The results demonstrate 

that the hydrogen purity remained high (> 99.95%) after storage, however, ni-

trogen (up to 450.07 µmol/mol), water (up to 67.95 µmol/mol), and halogenated 

compounds (up to 0.159 µmol/mol) exceeded the standard’s thresholds. Nitro-

gen contamination is linked to the initial use of a nitrogen blanket during cavern 

construction and diminished after subsequent injections. Persistent water and 
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halogenated compound concentrations indicate the need for limited purifica-

tion steps to meet fuel cell mobility requirements. This study provides crucial 

empirical data on contaminant behavior in salt cavern hydrogen storage, ad-

vancing understanding for future large-sale applications. 

6.2 Introduction 

The European Union, including Germany, is confronted with significant chal-

lenges in the energy sector. The continent is pursuing ambitious climate tar-

gets, as set out in the European Green Deal and in national energy policies 

such as the German “Energiewende” [1-3, 214, 215]. Germany is currently un-

dergoing a significant transformation in its energy sector, driven by the coun-

try's ambitious energy transition actions. The objective of this transformation is 

to limit climate change effects by reducing carbon dioxide (CO2) emissions with 

transitioning from fossil fuels to renewable energy sources, including wind and 

solar energy. However, the generation of renewable energy is subject to fluc-

tuations, which presents a considerable obstacle to the provision of a stable 

and dependable energy supply [4, 20]. In order to address this issue, it is of 

importance to implement energy storage solutions, with hydrogen (H2) emerg-

ing as a pivotal factor in this context. In addition to its potential as a green fuel 

for industry and transportation, H2 represents a promising solution for large-

scale energy storage, particularly if produced by electrolysis using surplus re-

newable energy [3-8]. 

In comparison to alternative long-term and large-scale storage solutions, in-

cluding e-fuels, methanol and ammonia (NH3), gaseous H2 presents a number 

of significant advantages. Although liquid energy storage solutions possess 

higher energy densities and are applicable in specific contexts, gaseous H2 

offers higher flexibility, as it cannot only be used as an energy carrier, but also 

as a raw material for numerous industrial processes, including chemical indus-

try, steel production and refineries [5, 8]. Furthermore, it can be more readily 

integrated into existing gas infrastructures, thereby enhancing its usability as 
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a versatile storage medium [16-19, 216, 217]. This makes it a key factor in the 

decarbonization of not only the energy sector, but also industry and transport. 

It is anticipated that there will be a notable increase in the demand for H2 in 

Germany in the forthcoming years. Studies indicate that demand for H2 is pro-

jected to reach 90 to 110 TWh per year by 2030, with industry and the transport 

sector representing the primary consumers [3, 50]. It is therefore essential that 

storage infrastructure is developed in order to meet this demand while also 

supporting the expansion of renewable energies. Salt caverns, which are un-

derground cavities typically formed in geological formations from salt deposits, 

have gained considerable attention as potential large-scale (TWh’s) storage 

facilities for H2 [26, 41-43, 218]. Due to their distinctive properties, including 

high gas tightness, the utilization of these caverns for the storage of natural 

gas has been a successful, established and ongoing practice in Germany and 

across Europe for several decades, showing the technical feasibility and eco-

nomic viability [26, 46-48, 177, 219, 220]. Such storage facilities can be utilized 

to buffer inter- and intra-seasonal seasonal fluctuations in the energy genera-

tion and demand, thereby contributing to the overall stabilization of the energy 

system. 

In Germany, cavern storage facilities are currently mainly used to store natural 

gas. It is conceivable that these existing storage facilities could be converted 

for the storage of H2, thus matching the future demand of H2 and providing a 

total storage capacity of 30 to 35 TWh [43, 51]. For Germany is estimated that 

a capacity of approximately 50 to 100 TWh of H2 storage will be required in 

2050 to ensure the long-term storage and supply of H2 for industry and the 

transport sector [43, 52-54]. 

Nevertheless, the utilization of H2 in energy systems presents a number of 

challenges. While the potential benefits of H2 storage in salt caverns are obvi-

ous, a number of technical challenges have to be addressed. These include 

the design of compressors and drying systems, measurement equipment (flow 

and mass), regulation, the quality of H2 and leak tightness. In particular, the 

impact of underground H2 storage on the purity of the stored H2 needs to be 
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considered. Given that a low level of H2 purity results in durability issues of the 

fuel cell and, consequently, reduced long-term viability for use in the transport 

sector, ensuring the required quality is of importance for applications in fuel 

cell mobility [28, 221]. In order to comply with the demanding quality standards 

set out in the DIN EN 17124:2022 (EN 17124) and ISO 14687:2019 

(ISO 14687) [65, 68], which stipulates a minimum purity (hydrogen index) of 

99.97% for H2 in fuel cell applications for vehicles, it is necessary to utilize 

high-purity H2. The quality of the gas produced varies considerably depending 

on the source of the H2 [69, 83]. “Green” H2, which is produced by electrolysis 

using renewable energy sources, is characterized by a high level of purity [69]. 

In contrast, H2 produced from fossil sources, such as steam methane reform-

ing of natural gas (“grey” H2) or coal gasification (“blue” H2 with carbon capture 

and storage), often contains impurities such as nitrogen (N2), hydrocarbons or 

sulfur compounds and must be purified after production to comply with 

EN 17124 [69, 83]. During the storage period, H2 of high purity can become 

contaminated because of interactions with the surrounding geological condi-

tions, including moisture and other trace elements, or the materials used to 

operate the caverns (e.g. steel, polymer seals) as well as by microbial metab-

olism. 

The presence of potential contaminants, including water (H2O), oxygen (O2), 

halogenated compounds and sulfur compounds, has the potential to affect the 

performance of fuel cells. Therefore, it is important to gain an understanding 

of the impact of the storage environment on the purity of H2 and determine 

which conditions have to be met to enable H2 storage while maintaining the H2 

purity.  

The objective of this research is twofold: firstly, to assess the feasibility of using 

salt caverns for the inter- and intra-seasonal storage of high-purity H2; and 

secondly, to identify potential contamination pathways that could affect H2 

quality during the storage. The newly constructed salt cavern in Rüdersdorf 

(Germany) which was specifically designed for H2 storage, serves as test 
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environment. The findings will be used for optimization of such storage facili-

ties for future applications in the German energy landscape. 

6.3 Materials and Methods 

6.3.1 Sampling of Hydrogen at Salt Caverns 

The on-site sampling of gases from the cavern was conducted using a com-

mercially available Swagelok sampling system, coupled with SilcoNert® 2000 

coated Swagelok sampling cylinders in order to minimize the interaction of 

contaminants with the stainless steel of the cylinder (Figure 16) [72, 221]. 

Moreover, a markedly augmented cylinder wall thickness is employed to facil-

itate sampling at up to 17.5 MPa (the maximum cavern pressure). The entire 

sampling system is situated in close proximity to the cavern head within the 

inlet and outlet piping, thus enabling the cylinders to be filled with direct cavern 

pressure. The cylinders have a volume of 0.5 L each. In order to analyze the 

H2 with the mass spectrometer, a minimum of 40 L of H2 at atmospheric pres-

sure is required. Therefore, a sampling pressure of 8 MPa is necessary. At 

lower cavern pressures, two cylinders were combined for the analysis to have 

enough sample volume for the entire measurement. The cylinders were trans-

ported in accordance with the relevant Transportable Pressure Equipment Di-

rective (TPED) approvals.  

In order to obtain representative samples, the method of pressure swing purg-

ing was initially employed, followed by continuous purging with the gas to be 

analyzed. In order to achieve this, the sampling cylinder was affixed to the 

apparatus and linked via quick-connectors. Any excess H2 was vented via a 

connected blow-out stack as part of the above-ground infrastructure of the cav-

ern site. The cylinder was initially filled with H2 via cavern pressure, up to a 

maximum of 17 MPa, with the outlet closed. It was then depressurized to at-

mospheric pressure, with the inlet closed and the outlet open. Subsequently, 

the cylinder was subjected to an additional purge of H2 from the cavern for 60 
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seconds, this time with the outlet open. The sampling procedure was con-

cluded by closing the outlet to allow for the build-up of the sample pressure in 

the cylinder. Following the release of the pipe pressure of the Swagelok sam-

pling system, the cylinders were securely stored in their cases and transported 

to the laboratory for analysis. 

 

Figure 16. Sampling system combined with coated 0.5 L sampling 

cylinder for sampling of hydrogen at cavern pressure (max. 17.5 MPa) 

at a hydrogen storing cavern with inlet (top) and outlet/purge (bottom). 

In order to obtain data relevant to the current operating status of the cavern, 

extended flushing of H2 was required depending on the flow rate of the injection 

or withdrawal of H2. This ensured that H2 that had already been in the pipes 

for some time was not sampled. 
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6.3.2 Analysis of Hydrogen with Mass Spectrometry 

The analysis of contaminants in H2 is carried out by mass spectrometry (MS) 

using the CombiSense instrument from V&F, Austria. The methodology under-

lying this work has been described in a previous study in detail elsewhere 

[221]. In the aforementioned study, an analytical approach was developed for 

the identification of contaminations in H2 samples in accordance with 

EN 17124. This approach entailed the utilization of Ion Molecule Reaction 

Mass Spectrometry (IMR-MS). A key element of the study was the calibration 

of the IMR-MS and the selection of the requisite gases. The methodologies 

devised for contamination-free sampling at hydrogen refueling stations and 

analysis can be partially adapted to this study for salt caverns, even if an up-

graded configuration for the verification of H2 quality according to EN 17124 is 

employed in this context. In this study, the specific technique of IMR-MS has 

been complemented by Electron Impact Mass Spectrometry (EI-MS) in the 

CombiSense instrument. With IMR-MS and a low ionization energy of 10 to 14 

eV, molecules can be analyzed with low detection limits (described in [221]). 

At the same time, concentrations of molecules can be determined with EI-MS 

where a higher ionization energy is necessary (e.g. N2), or because of high 

concentrations (higher µmol/mol-range and lower percent-range). With EI-MS, 

ionization is conducted at 70 eV and separation is performed using a quadru-

pole mass filter. This provides an additional mass range of 1 to 100 u (atomic 

mass unit) with a resolution of < 1 u. The molecules and fragments are regis-

tered by a fast pulse counter. The described components of the H2 analyzer 

are shown in a flowchart in Figure 17. This technique provides reliable results 

(accuracy < ± 2%, reproducibility < ± 3%) with a fast response time (T90 < 20 

ms for each fragment, depending on the measurement task) with particularly 

low detection limits, as required by EN 17124. 
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Figure 17. Scheme of the mass spectrometer CombiSense, V&F based 

on ion molecule reaction (IMR-MS) and electron impact (EI-MS) mass 

spectrometry for the laboratory analysis of contaminants in hydrogen samples. 

The gases to be analyzed in the cavern samples are listed in Table 3 together 

with the detection limits resulting from the calibration and compared with the 

given limits of the standards. A two-point calibration was performed daily to 

calibrate the analyzer. High purity H2, produced on-site from H2 5.0 (Linde, 

Germany) using a palladium membrane (Entegris MegaTorr® PS7-PD05-08), 

resulting in H2 9.0 quality (hydrogen index > 99.9999999%) according to the 

data sheet, was used as the background and to calculate the limit of detection 

(LOD) and limit of quantification (LOQ). According to ISO 21087:2019 

(ISO 21087) [143], the LOD was calculated using the 3-fold standard deviation 

by repeating ten analyses of H2 9.0. For the LOQ, the standard deviation was 

multiplied by factors depending on the expected concentrations of the ana-

lytes. For concentrations according to EN 17124 greater than or equal to 1 

µmol/mol a factor of 10 is used, for values between 10 nmol/mol and 1 

µmol/mol a factor of 5 and for values smaller than 10 nmol/mol a factor of 3. 

The latter results in corresponding values for LOQ and LOD. 
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Table 3. Contaminants and thresholds listed in the comprehensively convergent 

standards ISO 14687:2019 and DIN EN 17124:2022 with corresponding limits of detec-

tion (LOD) and limits of quantification (LOQ) of the analyzer resulting from 2-point 

calibration with calibration gases and inert gas (H2 9.0) according to ISO 21087. 

Contaminants 

ISO 14687 / 

EN 17124  

[65, 68] 

(µmol/mol) 

Limit of detec-

tion (LOD) 

analyzer 

(µmol/mol) 

Limit of quanti-

fication (LOQ) 

analyzer 

(µmol/mol) 

Water (H2O) 5 1.570 5.233 

Total non-methane 

hydrocarbons 

(NMHC)1 

2 0.008 0.013 

Methane (CH4) 100 0.090 0.300 

Oxygen (O2) 5 0.075 0.250 

Helium (He) 300 0.180 0.600 

Nitrogen (N2) 300 0.078 0.260 

Argon (Ar) 300 0.019 0.063 

Carbon dioxide 

(CO2) 
2 0.021 0.070 

Carbon monoxide 

(CO) 
0.2 Not measured Not measured 

Total sulfur (TS)2 0.004 0.001 0.002 

Formaldehyde 

(HCHO) 
0.2 0.005 0.008 

Formic acid 

(HCOOH) 
0.2 0.002 0.003 

 
1 with Xylene (m-, p-, o-) (C8H10), Toluene (C6H5CH3), Benzene (C6H6), Ethylene (C2H4), 

Acetylene (C2H2), n-Pentane (C5H12), Butane (C4H10), Ethane (C2H6) 

2 with Carbon disulfide (CS2), Hydrogen sulfide (H2S), Methanethiol (CH3SH), Ethanethiol 

(C2H5SH), Sulfur dioxide (SO2), Carbonyl sulfide (COS) 
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Ammonia (NH3) 0.1 0.001 0.002 

Total halogenated 

(TH)3 
0.05 0.014 0.023 

 

H2 5.0 was used as purge gas during standby operation. In all cases, calibra-

tion gas standards were obtained from Siad, Germany using background gas 

H2 6.0 or, for formaldehyde (HCHO) and formic acid (HCOOH), N2 6.0. In ad-

dition to what was already described in [221], the gases N2, argon (Ar), he-

lium (He), as well as more detailed sum parameters for hydrocarbons, sulfur 

compounds and halogenated compounds were added to the measurement 

procedure. For the analyses of hydrogen samples, reliable results are obtained 

after 15 to 30 minutes at a flow rate of 1 liter per minute.  

For the determination of the total sulfur content (TS), carbon disulfide (CS2), 

hydrogen sulfide (H2S), methanethiol (CH3SH), ethanethiol (C2H5SH), sulfur 

dioxide (SO2) and carbonyl sulfide (COS) were selected for analysis as repre-

sentative sulfur-containing impurities because of their good volatility in calibra-

tion gases and a certain probability of occurrence from previous measure-

ments. The parameter total halogenated compounds (TH) includes all halo-

gens and halogenated inorganic and organic compounds. For this, tribromo-

methane (CHBr3), tetrachloroethylene (C2Cl4), 1,2-dichloroethane (C2H4Cl2), 

trichloroethylene (C2HCl3), trichloromethane (CHCl3), dichloromethane 

(CH2Cl2) and hydrogen chloride (HCl) were analyzed as representative impu-

rities based on previous studies [65, 168]. Xylene (meta-, para, ortho-) (C8H10), 

toluene (C7H8), benzene (C6H6), ethylene (C2H4), acetylene (C2H2), n-pentane 

(C5H12), butane (C4H10) and ethane (C2H6) were used for the analysis of total 

non-methane hydrocarbons (NMHC). To specify the concentration of the re-

spective sum parameters, the individual contributing components are weighted 

 
3 with Tribromomethane (CHBr3), Tetrachloroethylene (C2Cl4), 1,2-Dichloroethane (C2H4Cl2), 

Trichloroethylene (C2HCl3), Trichloromethane (CHCl3), Dichloromethane (CH2Cl2), Hydrogen 

chloride (HCl) 
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in accordance with EN 17124. For example, in the case of C2Cl4 this results in 

a 4-fold weighting for the parameter TH and in a 7-fold weighting of C7H8 for 

NMHC (C1-equivalent). H2O was calibrated only once by the manufacturer of 

the CombiSense device, due to the lack of availability of specific H2O concen-

trations in calibration gas standards, and was therefore not recalibrated in the 

laboratory prior to each measurement.  

As shown in [221], despite the absence of fragmentation of the molecules, in-

terferences are present due to similar and/or equal m/z ratios. While minor 

interferences, such as those measured of O2 on C2H6, C4H10 on CO2, or 

C2H4Cl2 on C2H5SH, can be accurately determined during calibration, the in-

fluence of N2 on carbon monoxide (CO) is so significant that for CO, despite 

the precise analysis of N2 concentration with EI-MS, no linearity can be ob-

served with the 2-point calibration, and consequently, CO cannot be quantified 

reliably. For this reason, CO is not included in the measurements. 

ISO 21087 [143] defines the validation of equipment and methodology for an-

alyzing H2 in the laboratory. It classifies suitability criteria for selectivity, LOD 

and LOQ, working ranges, bias, precision, measurement uncertainty and ro-

bustness. The aim is to enable laboratories to prove that the method used is 

suitable for the analysis of contaminants in H2. Due to the use of high precision 

IMR-MS and EI-MS technology, and the sampling and analysis method devel-

oped, validation for research purposes is not mandatory [221]. For each ana-

lyzed cylinder the mean value was calculated from five measurements. The 

error calculation of the reported measurements is based on ISO 21087 [143] 

by calculating the relative combined total uncertainty (k=2) including the con-

tributions of the individual uncertainties, i.e. standard deviation of the analytical 

values, calibration (calibration gases), and accuracy and precision of the in-

strument. Analyses of simulated H2 samples with unknown concentrations and 

interlaboratory comparisons with real H2 samples have demonstrated that the 

underlying methodology and instrument parameters allow validation based on 

ISO 21087. 
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6.4 Results and Discussion 

6.4.1 Storage of Hydrogen in a Salt Cavern in Rüders-

dorf, Germany 

A salt cavern for H2 storage formed in a salt pillow of the saliniferous formation 

Zechstein by solution mining with fresh water in a gas cavern storage field 

(EWE GASSPEICHER, Germany) was constructed in Rüdersdorf, Germany. 

After completion, the cavern was echometrically measured resulting in a height 

of 20.6 m (at a depth between 1,216.0 and 1,236.6 m) and a diameter of 6.6 m 

(at a depth of 1,230.0 m). The volume of the cavern is 458.2 m³. After the first 

injection of H2, a brine volume of 10.6 m³ was determined. With the purpose to 

serve as a test environment for fuel cell grade H2 storage according to 

EN 17124, the volume of this cavern is much smaller compared to other natu-

ral gas caverns (50,000 to 700,000 m³) and the cavern neck comparably long 

with 180 m [222]. The composition of the salt deposit in this region and at this 

depth is largely dominated by sodium chloride. Geological studies have iden-

tified a working pressure range of approximately 6 to 17 MPa. At the lowest 

possible working pressure, residual gas needs to remain in the cavern, the so-

called cushion gas, and is therefore not usable during injection and withdrawal 

phases. After the necessary waiting time after solution mining (setting of the 

rock), an average temperature for the gas of 58 °C was determined at this 

depth of the cavern. As this study is concerned with the quality of the stored 

H2, details of geology and engineering of the cavern will not be discussed here, 

but can be found elsewhere [26, 41-43, 51, 218, 222]. 

This cavern was newly built, and therefore has never been used to store nat-

ural gas or crude oil. N2 was used as a blanket during the solution mining pro-

cess to control the shape of the cavern and prevent the upper salt layer from 

dissolving, rather than diesel or other hydrocarbons [223]. This has fundamen-

tal advantages in terms of preventing salt cavern contamination, e.g. by mini-

mizing hydrocarbon contamination. Thus, this cavern offers a basis for provid-

ing H2 in fuel cell grade quality after storage. 
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Subsequently to the solution mining of the cavern and preliminary successful 

gas tightness tests, the initial H2 injection into the cavern was conducted (dis-

placement of the brine with H2). In order to meet the fuel cell grade (99.97%) 

described in EN 17124, it would be necessary to apply H2 5.0 (99.999%) for 

the injection process (H2 4.0 or comparable is not available for delivery). How-

ever, the delivery of H2 5.0 would not have been possible for this project due 

to technical and logistical challenges. Therefore, H2 with a quality 

of 3.0 (99.9%, Linde) was injected. By definition, the quality of H2 3.0 would be 

already too low for the hydrogen index described in EN 17124 (Table 3) and 

therefore for fuel cell mobility. However, preliminary analyses have shown that 

the H2 3.0 is usually of a much higher quality (> 99.99%) and therefore actually 

meets the requirements of EN 17124. 19 trailer transports were necessary for 

the initial injection of H2, so that a total of approximately 63,000 Nm³ of H2 was 

stored at a cavern pressure of approximately 17 MPa. In order to be able to 

make statements about cavern-induced, i.e. building and operation of the cav-

ern, contamination routes after the subsequent withdrawal of the H2, eight of 

19 selected trailers delivering H2 were sampled during the first injection pro-

cess and two of nine trailers during the second injection phase. Subsequently, 

the H2 quality was determined in the laboratory (Table 4). With regard to the 

interpretation of the measured concentrations, it should be noted that < LOD 

represents a value below the respective LOD, while < LOQ indicates a value 

between the respective LOD and LOQ as indicated in Table 3. The respective 

hydrogen index (total hydrogen contamination) was calculated by accumulat-

ing the individual values actually measured. If the measured value of the con-

tamination was below the LOD or LOQ, the respective latter value from Table 

3 was used instead.
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Table 4. Overview of the quality of hydrogen sampled from gas delivering trailers before it was stored in the salt cavern. 

Contaminants 

EN 17124 

[65] 

(µmol/mol) 

Measured concentrations of contaminants in hydrogen (µmol/mol) 

First injection phase 
Second  

injection phase 

Trailer 1 Trailer 2 Trailer 3 Trailer 4 Trailer 5 Trailer 6 Trailer 1 Trailer 2 

Water (H2O) 5 < LOD < LOD < LOQ < LOD < LOD < LOQ < LOQ < LOQ 

Total non-methane 

hydrocarbons 

(NMHC) 

2 < LOD < LOD 
0.093 ± 

0.018 

0.020 ± 

0.004 
< LOQ < LOQ < LOQ < LOQ 

Methane (CH4) 100 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

Oxygen (O2) 5 
0.750 ± 

0.073 

0.295 ± 

0.040 

1.107 ± 

0.118 

0.340 ± 

0.042 

0.827 ± 

0.115 

0.922 ± 

0.110 

0.951 ± 

0.208 

0.543 ± 

0.281 

Helium (He) 300 
47.57 ± 

4.43 

42.17 ± 

3.93 

45.31 ± 

4.22 

42.12 ± 

3.94 

42.48 ± 

3.96 

45.20 ± 

4.21 

49.36 ± 

5.26 

45.69 ± 

4.79 

Nitrogen (N2) 300 
2.08 ± 

0.21 

1.24 ± 

0.17 

17.62 ± 

1.56 

1.46 ± 

0.15 

2.86 ± 

0.39 

2.64 ± 

0.24 

2.94 ± 

0.65 

1.03 ± 

0.43 

Argon (Ar) 300 
4.59 ± 

0.40 

4.64 ± 

0.41 

4.36 ± 

0.38 

4.22 ± 

0.37 

3.29 ± 

0.29 

2.50 ± 

0.22 

0.88 ± 

0.09 

0.47 ± 

0.18 
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Carbon dioxide 

(CO2) 
2 < LOQ < LOD 

0.108 ± 

0.011 
< LOD < LOD < LOD < LOD < LOD 

Total sulfur (TS) 0.004 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

Formaldehyde 

(HCHO) 
0.2 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

Formic acid 

(HCOOH) 
0.2 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

Ammonia (NH3) 0.1 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

Total halogenated 

(TH) 
0.05 < LOD < LOD 

0.052 ± 

0.014 
< LOD < LOD < LOD 

0.056 ± 

0.019 
< LOD 

Total non-hydrogen 

gases 
300 

56.75 ± 

5.11 

50.06 ± 

4.55 

73.98 ± 

6.32 

49.86 ± 

4.51 

51.17 ± 

4.76 

56.85 ± 

4.78 

59.55 ± 

6.23 

53.11 ± 

5.68 

Hydrogen 

index (%) 
99.97 99.994 99.995 99.993 99.995 99.995 99.994 99.994 99.995 
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Overall, except of one contamination value from trailer 3, all other values of 

each sampled trailer of the first injection phase were below EN 17124 thresh-

olds (Table 4). In general, for the sum parameter of halogenated contaminants, 

values below the LOD of 0.014 µmol/mol were found, but for trailer 3, a con-

centration of 0.052 ± 0.014 was slightly above the limit of 0.05 µmol/mol. Con-

centrations of water were found to be around the LOD and LOQ. As a result of 

contact between H2 stored in the cavern and brine and the cavern sump during 

the storage phase, significant contamination with H2O is to be expected during 

withdrawal phase. The low measured values for H2O are therefore a useful 

benchmark for further assessment of the suitability of the cavern for fuel cell 

mobility at this point. In addition, O2 concentrations ranging from 0.295 ± 0.040 

to 1.107 ± 0.118 µmol/mol were measured, which are below the threshold of 5 

µmol/mol, but should be considered for later analysis during extraction. Con-

centrations of He and Ar were measured in the range of 50 and 4 µmol/mol, 

respectively, which is typical for H2 produced via the steam reforming process 

[69, 224]. No change of these values is expected during the storage process. 

For N2, low concentrations up to a maximum of 17.62 ± 1.56 µmol/mol were 

found, which were therefore not critical regarding the limit value of 300 

µmol/mol. Overall, a hydrogen index of > 99.99% (quality 4.0) was determined, 

which largely meets the requirements of EN 17124 and therefore appears to 

be a suitable starting point for investigating the influence of H2 storage in cav-

erns on H2 purity. 

6.4.2 Influence of the Cavern Storage to Hydrogen Pu-

rity  

In order to demonstrate the suitability of salt caverns as H2 storage facilities, 

several operating conditions were tested, including different periods of holding 

the H2 in the cavern without pressure changes and different rates of pressure 

change during withdrawal. In total, two different withdrawal phases were con-

sidered in this study. A total of eleven samples were taken and analyzed in the 

laboratory. The results are presented in Table 5. 
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In the first withdrawal phase, the H2 pressure in the cavern was reduced from 

approximately 17 to 6 MPa. The rate of pressure change was 0.5 to 0.6 MPa 

per day. The storage duration before withdrawal was 16 weeks. Eight H2 sam-

ples were taken and analyzed from 16 to 6.9 MPa during the 14-day withdrawal 

period. Before discussing individual concentrations of the contaminants, it can 

be anticipated that the overall quality of the withdrawn H2 was generally very 

high, but that individual contaminants exceeded the required limits for fuel cell 

mobility based on EN 17124. 

The purity of the withdrawn H2 was affected by storage in the cavern, with the 

contamination of H2O, N2, NH3 and TH occasionally exceeding their respective 

limits set in EN 17124 at certain cavern pressures. The concentrations of all 

other contaminants were within the individual limits of the standard. The high 

N2 concentrations (from 196.15 ± 17.12 to 450.07 ± 39.56 µmol/mol) in the 

withdrawn H2 originate from the use of N2 as a blanket during cavity formation 

and the need to control the solution mining process. As this process is com-

pleted, it is assumed that the concentrations of N2 will decrease over the num-

ber of injections and withdrawals. Indications for that are found in the second 

withdrawal phase, as will be discussed below. Furthermore, the H2O concen-

trations exceed the EN 17124 limit. Due to the wet underground conditions and 

the presence of a brine sump, there is direct contact with moisture. It is there-

fore likely that the H2 is enriched with H2O over the storage time of 16 weeks. 

It is remarkable that the concentration increases particularly at low pressures, 

with a concentration below the LOQ measured from 16 to 15 MPa and up to 

67.95 ± 27.87 µmol/mol from 8.1 to 6.9 MPa. As there is more moisture in the 

deeper layers of the cavern (sump), higher concentrations of H2O can be de-

tected at lower pressures. 
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Table 5. Overview of the hydrogen quality after storage in the salt cavern during the first withdrawal phase (storage 

of H2 for 16 weeks) and the second withdrawal phase (storage of H2 for 10 weeks) at different cavern pressures. 

Contami-

nants 

EN 17124 

[65] 

(µmol/mol) 

Measured concentrations of contaminants in hydrogen (µmol/mol) 

First withdrawal phase with 

sampling at different cavern pressures 

Second withdrawal  

phase with sampling 

at different cavern 

pressures 

16.0 

MPa 

15.8 

MPa 

15.0 

MPa 

13.0 

MPa 

12.8 

MPa 

8.1 

MPa 

7.4 

MPa 

6.9 

MPa 

15.4 

MPa 

9.4 

MPa 

7.2 

MPa 

Water (H2O) 5 < LOQ < LOD < LOQ 
9.01 

± 3.70 

33.35 

± 13.70 

46.02 

± 18.83 

67.95 

± 27.87 

64.09 

± 26.28 

21.70 

± 9.07 

54.61 

± 22.37 

72.25 

± 29.92 

Total non-

methane hy-

drocarbons 

(NMHC) 

2 < LOQ 
0.040 

± 0.016 

0.155 

± 0.050 

0.084 

± 0.026 

0.076 

± 0.017 

0.093 

± 0.025 

0.090 

± 0.049 

0.111 

± 0.028 

0.081 

± 0.022 

0.055 

± 0.029 

0.055 

± 0.021 

Methane 

(CH4) 
100 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

Oxygen (O2) 5 
0.418 

± 0.171 

0.405 

± 0.103 

0.608 

± 0.098 

0.992 

± 0.197 

0.417 

± 0.056 

2.190 

± 0.304 

1.692 

± 0.350 

1.330 

± 0.486 
< LOQ 

0.909 

± 0.220 

1.448 

± 0.517 
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Helium (He) 300 
38.38 

± 3.96 

40.86 

± 4.18 

39.60 

± 4.02 

39.49 

± 5.03 

40.13 

± 4.25 

38.60 

± 4.54 

40.04 

± 4.27 

42.49 

± 5.08 

43.53 

± 4.69 

42.97 

± 4.67 

42.20 

± 5.24 

Nitrogen 

(N2) 
300 

196.15 

± 17.12 

222.42 

± 19.42 

450.07 

± 39.56 

429.84 

± 37.46 

411.61 

± 35.89 

303.75 

± 26.49 

298.97 

± 26.07 

296.52 

± 25.93 

117.23 

± 10.24 

147.78 

± 12.90 

141.51 

± 13.55 

Argon (Ar) 300 
3.23 

± 0.43 

3.43 

± 0.32 

3.93 

± 0.56 

4.23 

± 0.41 

3.50 

± 0.42 

4.02 

± 0.40 

4.24 

± 0.46 

4.18 

± 0.63 

1.65 

± 0.32 

3.05 

± 0.33 

2.26 

± 0.71 

Carbon di-

oxide (CO2) 
2 < LOQ < LOQ 

0.277 

± 0.025 

0.118 

± 0.015 

0.102 

± 0.017 

0.267 

± 0.027 

0.303 

± 0.029 

0.328 

± 0.032 

0.255 

± 0.027 

1.711 

± 0.161 

1.475 

± 0.139 

Total sulfur 

(TS) 
0.004 < LOD < LOD 

0.003 

± 0.001 
< LOQ < LOQ < LOQ < LOQ < LOQ 

0.003 

± 0.001 
< LOQ < LOQ 

Form- 

aldehyde 

(HCHO) 

0.2 < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

Formic acid 

(HCOOH) 
0.2 < LOD < LOD < LOQ < LOD < LOD < LOD < LOD < LOD < LOD < LOD < LOD 

Ammonia 

(NH3) 
0.1 < LOD < LOD < LOD < LOD < LOD 

0.066 

± 0.008 

0.101 

± 0.012 

0.123 

± 0.016 
< LOQ 

0.027 

± 0.004 

0.025 

± 0.003 

Total halo-

genated 

(TH) 

0.05 < LOD < LOD 
0.042 

± 0.012 

0.063 

± 0.017 

0.070 

± 0.025 

0.075 

± 0.030 

0.159 

± 0.019 

0.105 

± 0.030 
< LOQ 

0.092 

± 0.017 

0.113 

± 0.041 
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Total 

non-hydro-

gen gases 

300 
243.61 

± 21.68 

268.91 

± 24.04 

500.02 

± 44.33 

483.93 

± 46.86 

489.36 

± 54.38 

395.18 

± 50.65 

413.64 

± 59.13 

409.38 

± 58.51 

184.82 

± 24.37 

251.30 

± 40.70 

261.44 

± 50.14 

Hydrogen 

index (%) 
99.97 99.976 99.973 99.950 99.952 99.951 99.960 99.959 99.959 99.982 99.975 99.974 
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At pressures below 7.4 MPa, the NH3 concentrations of 0.101 ± 0.012 and 

0.123 ± 0.016 µmol/mol are slightly above the limit specified in EN 17124. In 

addition, TH exceeds the limit of 0.05 µmol/mol by up to 

0.159 ± 0.019 µmol/mol due to the presence of trichloroethene and trichloro-

methane in concentrations of up to 0.052 ± 0.006 and 0.098 ± 0.012 µmol/mol, 

respectively. Two likely options are assumed for these three contaminants. 

Firstly, as the cavern was filled with tap and pond/process water during solu-

tion mining, contamination of H2 by contact with the brine components might 

be possible. NH3 is more commonly found in tap water due to environmental 

influences and fertilizers [225]. Halogenated compounds can be found in tap 

water additionally. These contaminants could have entered the tap water as 

degradation products from industrial waste water or disinfection during after-

treatment [226, 227]. However, the higher concentrations of NH3 were found 

only at lower pressures, where contact with potentially contaminated brine is 

particularly intense. The second possibility as source of contamination, less 

likely for NH3 but more likely for halogenated contaminants, is the delivered 

and injected H2 from the trailers. One of the six sampled trailers delivering H2 

showed higher concentrations of exactly trichloroethene and trichloromethane 

(Table 4, Trailer 3). Since not all of the 19 H2 delivering trailers were sampled 

and H2 3.0 was ordered according to the certificate, further and higher concen-

trations of trichloroethene and trichloromethane within some of the trailers can-

not be excluded. As the concentrations exceeding the limit for NH3 were only 

found at certain pressures (8.1 to 6.9 MPa), it is possible that some specific 

contaminated trailers were not sampled prior to injection. 

The concentrations of O2 after withdrawal, regardless of the gas pressure in 

the cavern, were found to be in the same range as in the samples taken from 

the trailers. This confirms that the cavern is highly gas-tight and that no air from 

atmosphere in significant amounts has permeated in the cavern. Thus, the N2 

concentrations mentioned are not related to air leaks. Due to the use of various 

polymers and connectors for steel pipes etc., a certain level of hydrocarbon 

contamination was expected in the samples. However, it is encouraging to 

note that only low concentrations of NMHC were found despite the analysis of 
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various groups of substances. Furthermore, the He concentration that was al-

ready found in the samples of the H2 delivering trailers, was also detected in 

the samples from the cavern in the same order of magnitude as beforehand. 

Apart of these findings, there were no other relevant contaminations in the H2 

in the first phase of withdrawal. Overall, the H2 was contaminated with a max-

imum of 500.02 ± 44.33 µmol/mol of non-hydrogen gases, resulting in a mini-

mum hydrogen index of 99.950%. 

After the first withdrawal phase, the cavern was again filled with approximately 

39,000 Nm³ H2 3.0 (Linde) via nine trailer deliveries from 6 to 17 MPa, analo-

gous to the previous initial gas injection. The gas analysis of two sampled trail-

ers gives evidence for a high H2 quality (≥ 99.99%) comparable to the results 

of the initial gas injection (Table 4). Again, one of both samples showed a 

slightly higher concentration of TH (0.056 ± 0.019 µmol/mol) compared to the 

threshold value of 0.05 µmol/mol in EN 17124 while all other compounds were 

below the limiting values.  

The storage duration without withdrawal was 10 weeks. During the second 

withdrawal phase, the pressure was similar to the first phase reduced from 

approximately 17 to 6 MPa. In contrast to the first withdrawal phase, a higher 

rate of pressure change of 7 MPa per day was applied. Within the two days of 

withdrawal, three samples were taken in a cavern pressure range of 15.4 to 

7.2 MPa. Overall, the hydrogen index was in a similar order of magnitude to 

the first withdrawal phase (Table 5). However, for N2, significantly lower con-

centrations of 117.23 ± 10.24 to 147.78 ± 12.90 µmol/mol were measured dur-

ing the second withdrawal phase due to the diluting effect of the second injec-

tion phase with pure H2 (Table 4). This observation confirms the statement that 

the first injected H2 was considerably contaminated by the N2 blanket used for 

the solution mining and that there are no other relevant sources of N2. Further 

dilution is expected for subsequent injection and withdrawal phases, eliminat-

ing N2 as a relevant contaminant for this cavern. 

In contrast to the first withdrawal phase, concentrations of NH3 were measured 

well below the 0.1 µmol/mol EN 17124 limit, with a maximum of 
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0.027 ± 0.004 µmol/mol. For the first withdrawal, the relevant concentrations 

exceeding the limit were measured at 7.4 and 6.9 MPa. During the second 

withdrawal, less NH3 was identified at 7.2 MPa with 0.025 ± 0.003 µmol/mol. 

According to the previous explanation in the section about N2, dilution could 

be a reason for the lower NH3 concentrations. Since no NH3 was found in all 

of the sampled trailers (Table 4) and there was no further solution mining or 

use of tap water, the dilution mechanism via injection of pure H2 during the 

second injection phase is a probable reason for the decline in NH3 concentra-

tion. Further investigation should include continuous monitoring of this contam-

ination in order to detect any exceedance of the limit at an early stage. 

At a high cavern pressure of 15.4 MPa, a value below the LOQ 

(0.023 µmol/mol) was measured for TH. However, as in the first withdrawal 

phase, it increased to 0.113 ± 0.041 µmol/mol at 7.2 MPa, which is above the 

specified EN 17124 limit of 0.05 µmol/mol. Once again, trichloromethane and 

trichloroethene were responsible for the limit being exceeded. Compared to 

the first withdrawal phase, the values are very similar, so that a contamination 

of the H2 over the entire pressure range is probable. Thus, in contrast to NH3, 

no dilution of TH could be detected. As exactly the same two contaminants, 

trichloromethane and trichloroethene, were found in one of the two sampled 

H2-supplying trailers during the second injection phase, it can be assumed that 

many more trailers were contaminated with these contaminants. The assump-

tion of contamination via tap water can therefore be ruled out at least as the 

only cause of contamination with halogenated compounds. As with NH3, it 

would be advisable to take further samples during the continued use of the 

cavern. 

For H2O, comparable concentrations of 21.70 ± 9.07 (15.4 MPa) to 

72.25 ± 29.92 µmol/mol (7.2 MPa) were detected as in the first withdrawal 

phase. The values are slightly higher for the second phase at high pressure 

(15.4 MPa). A possible explanation for this is the cavern temperature of ap-

proximately 60 °C. Due to low molecular mass and the resulting high thermal 

conductivity of 0.186 W·m−1·K−1 [228], the H2 quickly adopts the ambient 
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temperature during withdrawal, so that condensation was possible at and di-

rectly behind the cavern head during withdrawal. Consequently, with a much 

higher withdrawal rate, as in the second phase, a higher concentration is rea-

sonable. In any case, concentrations above the threshold are to be expected 

after salt cavern storage. If the H2 shall subsequently be used for fuel cell mo-

bility, a drying step must always be provided to ensure compliance with 

EN 17124 and the water concentration must be monitored [229, 230]. 

While low concentrations of CO2 up to a maximum of 0.303 ± 0.029 µmol/mol 

were found during the first withdrawal phase, relevant concentrations not ex-

ceeding the limit (2 µmol/mol) up to a maximum of 1.711 ± 0.161 µmol/mol at 

9.4 MPa were found during the second withdrawal phase. Contamination from 

H2 delivering trailers during both injection phases, which were not sampled in 

this study, is again considered possible. Contamination from the air can be 

excluded due to the low concentrations of N2 and O2. Compared to the first 

withdrawal phase, the concentration for O2 remains in a very similar range. 

With the exception of the He concentration caused by using “grey” H2 men-

tioned in the section on initial gas injection, there are no other relevant con-

taminations of the H2 in the second withdrawal phase. Overall, the H2 was con-

taminated with a maximum of 261.44 ± 50.14 µmol/mol of non-hydrogen 

gases, resulting in a minimum hydrogen index of 99.974%. 

Comparing the two withdrawal phases, the overall results are striking. During 

storage in the salt cavern, the quality of the H2 is impaired so that it cannot be 

used directly for fuel cell mobility without purification. However, the contami-

nation is rather small and the overall quality of the H2 remains very high at 

≥ 99.950%. In particular, critical components such as sulfur, methane (CH4), 

CO2, O2 and hydrocarbons were detected at very low levels below the limits 

specified in EN 17124. The contaminants N2 and NH3 found in this study will 

presumably dilute during further operation of the cavern with more injection 

and withdrawal phases and therefore do not represent a risk factor. The only 

remaining challenges are halogenated compounds and, above all, H2O. 
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However, the rise in the amount of H2O in H2 was expected after storage and 

can be minimized by drying steps such as absorption processes.  

The results for impurities in H2 caused by cavern storage, for example TS and 

CH4 concentrations, which were mostly below the LOQ, demonstrate that no 

significant amounts of metabolites from H2-consuming microorganisms could 

be detected. This indicates that there was no activity of microorganisms at lev-

els relevant to influence H2 quality for inter- and intra-seasonal storage. How-

ever, microbial activities might require initially a certain latency to adapt to the 

environment. A study by Dohrmann et al. [231] was conducted at the same 

cavern site in Rüdersdorf to characterize the microbial communities and to 

predict their potential to consume and contaminate stored H2. The objective 

was to identify the microorganisms initially present in the fresh water used for 

solution mining (pond water) and after 345 days in the brine from of the cavern. 

Although typical H2-consuming (oxidizing) microorganisms were found in the 

pond water, they were quickly deactivated upon injection to the cavern, pre-

sumably due to the drastic change in conditions (high salinity, temperature, 

and pressure). In contrast to that, in the brine sample, a community dominated 

by highly-adapted halophiles was found after one year in the cavern. It is im-

portant to note, that laboratory incubation experiments with this cavern brine 

could not identify microbial activities potentially affecting H2 quality, e.g. by sul-

fate reduction, methanogenesis, or acetogenesis [231]. 

In addition to microorganisms, reactions between salt rock and H2 via dissolu-

tion and/or precipitation in salt caverns might affect H2 purity. Salt caverns are 

formed within salt domes, which are primarily composed of halite (NaCl). Halite 

is considered chemically inert, but impurities such as quartz, anhydrite, gyp-

sum, dolomite, pyrite, and calcite can be present in interlayers [232, 233]. For 

instance, anhydrite/gypsum or pyrite might react with H2 and brine to H2S [232-

234]. In this study, the cavern was created in the Zechstein formation [235]. 

The salt pillow in Rüdersdorf is largely composed of halite (> 99.5%) with minor 

amounts of sylvite (KCl). Studies have shown that in halite-dominated salt 

domes, geochemical reactions induced by H2 are of minor significance and 
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kinetically hindered [232, 233]. Consequently, the impact of these reactions on 

H2 purity during inter- and intra-seasonal storage is anticipated to be limited, 

as was shown by the respective H2 purity after storage. Storage periods sub-

stantially longer than those considered are out of the scope of this study since 

they are not relevant for the investigated cavern. 

The authors would like to point out that the contaminations and corresponding 

measured concentrations apply to the H2 stored in this specific cavern in 

Rüdersdorf, Germany. As the geology and nature of the cavern will vary in 

shape, depth, width, height, pressure and temperature, the general validity of 

the statements made here need to be verified [26, 220, 236]. This would re-

quire sampling and analysis of different caverns. As the use of salt caverns for 

H2 storage is still in its early stages, a number of follow-up studies will be car-

ried out. It will be important to determine what the purpose of the cavern is. 

The often discussed standard EN 17124 with a hydrogen index of 99.97% 

(Grade D) will not necessarily be the desired level for each cavern. In studies 

[237-239], an industrial quality of 98% (Grade A) or 99.5% is often considered 

sufficient for pipelines and therefore also for caverns. The H2O concentrations 

determined for this cavern are within the acceptable range for Grade A, but 

further consideration should be given to the amount of H2O to prevent corro-

sion of piping and related steel components [219]. For fuel cell mobility, purifi-

cation to Grade D independent of storage is therefore recommended to limit 

costs for more widespread applications. 

6.5 Summary and Outlook 

The construction and operation of the H2 storage cavern in Rüdersdorf, Ger-

many, is an important step in demonstrating the viability of underground salt 

caverns for H2 storage, particularly for applications requiring high-purity H2, 

such as fuel cell mobility. The study focused on a small-scale 458.2 m³ cavern 

built specifically for controlled experiments to assess how inter- and intra-sea-

sonal underground storage affects H2 purity. With a working pressure range of 
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6 to 17 MPa and a sodium chloride-dominated geological composition, this 

cavern provided a unique test environment. The use of N2 as a blanket during 

the solution mining process, created conditions well suited to studying H2 stor-

age without contamination from previous industrial uses such as natural gas 

or crude oil storage. 

The primary objective of this study was to evaluate the feasibility of storing H2 

in salt caverns and to assess the effect of this storage on the purity of the H2, 

particularly in relation to the EN 17124 standard, which requires a minimum 

hydrogen index of 99.97%. Despite the use of H2 with grade 3.0 (99.9%) for 

the initial injection due to logistical constraints, the analyses showed that the 

delivered and fed in H2 had a higher quality (>99.99%), approaching the re-

quirements described by EN 17124. Laboratory analyses of H2 samples from 

the injection and withdrawal phases provided insight into potential contamina-

tion pathways. 

Key findings show that while the overall quality of the stored H2 remained high 

(99.950% during the first and 99.974% during the second withdrawal phase), 

certain contaminants exceeded the limits specified in EN 17124. In particular, 

N2 concentrations reached up to 450.07 ± 39.56 µmol/mol in the first with-

drawal phase, mainly due to the N2 blanket used during cavern creation. How-

ever, N2 concentrations were significantly reduced during the second with-

drawal phase due to the diluting effect of pure H2 injected in the second injec-

tion phase, supporting the assumption that the N2 contamination was related 

to the initial N2 blanket rather than air leakages or cavern fractures and result-

ing in a less significant long-term risk. H2O contamination was another signifi-

cant finding for both withdrawal phases, with comparable concentrations in-

creasing to 72.25 ± 29.92 µmol/mol at lower cavern pressures due to contact 

with the brine sump. This confirms that moisture is a persistent challenge in 

salt caverns. As expected, this study highlights the need for a drying step for 

H2 intended for fuel cell applications after storage in such caverns. 

In addition, halogenated compounds, in particular trichloromethane and trichlo-

roethene, were found at concentrations above the limiting threshold of 
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EN 17124 (up to 0.159 ± 0.019 µmol/mol) during the first and second with-

drawal phase. This contamination was probably introduced by H2 delivering 

trailers during the injection phases, highlighting the need for more stringent 

controls and sampling of H2 from these trailers, as only eight of 28 incoming 

trailers were analyzed in this study. Interestingly, NH3 concentrations ex-

ceeded the EN 17124 limit (up to 0.123 ± 0.016 µmol/mol) at lower pressures 

only within the first withdrawal phase, possibly due to contaminants in the wa-

ter used for brining or environmental influences. As in the case of N2, the dilu-

tion effect of the second injection phase with pure H2 results in significantly 

lower concentrations measured in the second withdrawal phase with a maxi-

mum of 0.027 ± 0.004 µmol/mol. 

Overall, the results of this study indicate that H2 storage for fuel cell mobility in 

salt caverns is feasible. However, purification processes will be necessary to 

maintain the high H2 purity required for fuel cell mobility described by 

EN 17124. After storage, no significant increases in the concentrations for O2 

or hydrocarbons were measured, confirming the caverns structural integrity. 

However, halogenated compounds and water remain challenges to be ad-

dressed in future research. The results are specific to the geological conditions 

and construction techniques of the Rüdersdorf cavern, and broader validation 

in different geological settings (e.g. with high microbial activity) is required to 

generalize the results. This study is an important milestone in the evaluation 

of the continued use of salt caverns as part of the future energy system, as 

these tests did not identify any effects that would fundamentally limit the use 

of salt caverns for H2 storage in general. Future research should focus on in-

vestigating larger caverns, optimizing pressure and withdrawal rates, evaluat-

ing the microbial activity, and implementing cost-effective purification tech-

niques. As H2 storage becomes increasingly important for renewable energy 

integration and fuel cell mobility, understanding and mitigating contamination 

risks in underground storage will be critical to the long-term success of these 

technologies. The challenge of achieving a balance between preventing con-

tamination, for example through the use of high-purity H2 for injection, the se-

lection of appropriate materials and the holistic purification of the H2 after 
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withdrawal, while optimizing the cost and efficiency of the cavern, requires fur-

ther research and development. While EN 17124 purity standards are critical 

for certain fuel cell applications, a lower hydrogen index (e.g. 98%, Grade A) 

may be sufficient for industrial applications, reducing the need for extensive 

purification directly at the cavern after storage. However, for fuel cell applica-

tions, a purification step is likely to remain necessary to meet the high H2 qual-

ity standards required for mobility solutions.  
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 Summary and Outlook 

This dissertation thoroughly examined the impact of underground storage of 

H2 in salt caverns on the purity of H2. The work is divided into three research 

contributions, addressing methodological, material-related, and application-re-

lated aspects, which collectively provide an in-depth understanding of the com-

plex interactions between storage conditions, material behavior, and H2 purity. 

The initial task was to develop a robust sampling strategy for H2 under realistic 

pressure conditions with reliable reproducibility and to validate a highly sensi-

tive analytical method for the detection and quantification of relevant H2 con-

taminants in the ppm to ppb range. The strategy of contamination-free sam-

pling was given particular emphasis, as well as the development of procedures 

for purging the sampling system and the calibration of the gas analysis used. 

For sampling purposes, a mobile Type-IV tank system was utilized. Its design 

and materials are analogous to those employed in series-production FCEV. A 

distinctive feature of the tank design is the elimination of the need for an FCEV 

during the sampling process at HRS. A purging procedure was developed, 

which minimized sample contamination, a crucial factor for the reproducibility 

and validity of the samplings. Subsequent H2 analysis was performed using 

IMR-MS, a method that has been demonstrated to meet the requirements of 

ISO 14687 and EN 17124 due to its high selectivity and low LODs/LOQs. The 

calibration method was developed using special test gas compositions with a 

focus on H2 analysis in accordance with the aforementioned published and 

revised international technical standards. However, a case study conducted at 

an HRS in the Netherlands demonstrated that thresholds for H2O, N2, and CO2 

in H2 can be exceeded, thereby indicating potential sources of contamination 

along the H2 production and supply chain. The precise determination of CO 

proved particularly challenging due to measurement interference with N2, sug-

gesting the need for further technical development of the used analysis tech-

nique. The findings reveal that accurate sampling techniques can effectively 
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eliminate the possibility of subsequent contamination from environmental fac-

tors. It was also evident that the IMR-MS technique, when employed in con-

junction with sophisticated calibration procedures, can adequately meet the 

valid standards. For this technique, however, it was revealed that certain gaps 

persist, particularly in the analysis of H2O and CO. 

The subsequent objective of the thesis centered on the material resistance 

under simulated cavern conditions with an H2 atmosphere of two steels con-

sidered suitable for utilization in salt caverns for H2 storage: API 5CT J55, 

which is conventionally employed in natural gas caverns, and the recently de-

veloped "H2ready" API 5L X56 pipeline steel. A systematic variation of the 

influencing factors, including temperature, pressure, and different gases, was 

carried out in high-pressure reactors in combination with the utilization of brine, 

dry gas, and humid gas. Material analysis focusing on chemical corrosion ef-

fects and cracking patterns demonstrated that both steels exhibited corrosion. 

However, the X56 steel formed a significantly more homogeneous and poten-

tially passivating oxide layer. Furthermore, the corrosion exhibited a high de-

gree of independence from the gas utilized, whether it be H2 or N2 (represent-

ing natural gas storage without influences of corrosive gases like H2). Con-

versely, the J55 samples revealed enhanced local corrosion sites and a dis-

tinctive crack pattern, particularly following extended exposure to H2 and brine. 

The reduced susceptibility to cracking and enhanced corrosion resistance un-

der H2 atmosphere of "H2ready" X56 are attributed to its alloy composition, 

which is characterized by a reduction in contaminants and a fine-grained mi-

crostructure. The findings indicate that X56 demonstrates higher long-term sta-

bility and H2 resistance compared to J55, although the resistance of X56 for 

underground salt cavern application remains unconfirmed. This underscores 

the need for additional long-term investigations and material-related optimiza-

tions. 

In consideration of these findings, the final task of the thesis entailed the anal-

ysis of H2 quality in an experimental salt cavern storage facility in Rüdersdorf, 

Germany, under conditions of realistic pressure and temperature. The aim of 
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this study was to demonstrate the viability of salt caverns as potentially large-

scale storage for H2, with a particular emphasis on the quality parameters nec-

essary for fuel cell applications. Notwithstanding the storage of H2 of technical 

quality (grade 3.0, ≥ 99.9%) in the cavern, a high hydrogen purity (> 99.95%) 

was achieved in all instances following storage and withdrawal of H2. However, 

individual contaminants, particularly N2, H2O, and halogenated compounds, 

frequently exceeded the EN 17124 specifications for fuel cells. The elevated 

N2 concentration was predominantly attributable to the utilization of an N2 blan-

ket during the cavern formation process. However, this challenge was ad-

dressed by implementing a repeated storage and withdrawal process of pure 

H2. Conversely, H2O contamination emerged as a persistent issue, as moisture 

transferred to the gas phase through contact with the brine sump. The pres-

ence of halogenated compounds and NH3 in the sample suggests the potential 

involvement of external sources, such as H2 delivery trailers, indicating poten-

tial deficiencies in the quality assurance processes along the supply chain. 

However, there was no significant increase in concentrations for O2 and hy-

drocarbons, which supports the structural integrity of the cavern. However, it 

is evident that targeted purification and predominantly drying processes are 

mandatory subsequent to cavern storage, in order to adhere to the stringent 

criteria for H2 stipulated in EN 17124. 

In summary, the storage of high-purity H2 in salt caverns is feasible, but re-

mains associated with some challenges. However, it is noteworthy that no sig-

nificant restrictions were identified which would inherently constrain the appli-

cation of salt caverns for H2 storage in general. Ensuring high H2 quality de-

mands a holistic approach and optimization of all process steps, ranging from 

production and storage to withdrawal and post-treatment. The key factors to 

consider are the avoidance and minimization of contamination during the pro-

cesses of H2 production, transportation, and supply chain management, as 

well as during storage itself. 

The present studies establish a solid basis for upcoming research and optimi-

zation of H2 storage in salt caverns. A number of research priorities can be 
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identified for the future that are essential to enable large-scale implementation 

of H2 and use in the energy system. The potential exists for further develop-

ment of IMR-MS/EI-MS, particularly with regard to the inaccuracy of the meas-

urement method. The integration of this method with complementary tech-

niques, such as GC-MS and CRDS, enables the acquisition of redundant 

measurements. This approach has the potential to enhance the overall analy-

sis performance in accordance with EN 17124 and ISO 21087. Given that all 

individual errors, including those attributable to the calibration gases, contrib-

ute to the total error, which is currently quite substantial (partially exceeding 

20%), improvements can be achieved through the implementation of highly 

precise concentrations in calibration gas standards. Furthermore, the valida-

tion of sampling and analysis methods through international interlaboratory 

round-robin tests is essential to ascertain performance and consistency across 

different laboratories. For the purpose of providing guidance and specifica-

tions, ISO 21087 is the applicable standard. The findings for "H2ready" steel 

X56 are encouraging, however, further comprehensive long-term investiga-

tions are necessary to assess the corrosion behavior and crack formation of 

"H2ready" materials under authentic cavern conditions. These investigations 

are essential to ensure the reliability and safety of the infrastructure and to 

make definitive statements regarding the lifecycle of the cavern infrastructure. 

In the context of H2 applications, a distinction is often made between cavern 

and pipeline steels, as these steels are subject to different requirements. The 

transfer of the existing H2-specific manufacturing process from pipeline to cav-

ern steels, as well as the testing of material resistance in salt caverns, are 

therefore to be validated. A crucial aspect that should be acknowledged is the 

utilization of other typical materials in underground applications, such as poly-

mers and cement. Tests under salt cavern conditions have to be carried out 

and protective coatings to be tested. 

A systematic investigation based on the existing data is necessary to assess 

the impact of varying cavern operating parameters, such as pressure cycles, 

temperature, storage and withdrawal profiles, and site-specific geology, includ-

ing the microbial environment, on H2 purity and material integrity. Given the 
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geopolitical relevance and the transformation of energy-intensive sectors, the 

development of larger, repurposed (natural gas) salt cavern storage facilities 

at different geological locations is of particular significance for further research 

and large-scale applications. Despite the thresholds set in EN 17124, the find-

ings indicate that the purification of H2 after storage remains essential, partic-

ularly with respect to moisture in the gas. Consequently, the development and 

integration of cost-efficient H2 purification and drying processes are important. 

Moreover, the optimal storage of H2 in salt caverns demands an integrated 

system approach that encompasses the entire value chain of production, stor-

age, distribution, and end use. This approach is essential for minimizing costs 

and environmental impacts. 

The study’s results concerning H2 quality at various points indicate that existing 

standards, such as EN 17124, are essential for specific applications, including 

FCEVs. However, it is also recommended that H2 quality requirements be tai-

lored based on the application's specific needs, and that flexibility be consid-

ered for industrial applications with less stringent quality standards. Adjust-

ments to the standards will promote the economic viability of storage. 

The findings of this dissertation thus contribute substantially to a more pro-

found understanding of the complex interrelationships and requirements for H2 

infrastructure with storage in salt caverns. These findings underscore the ne-

cessity for sustained research and development initiatives to facilitate the 

large-scale and economical utilization of renewable energies for energy stor-

age and H2 in fuel cells. Interdisciplinary collaboration between materials sci-

ence, analytical chemistry, geotechnical engineering, and standardization will 

be necessary to address the existing shortcomings and ensure the long-term 

safety and quality of H2 storage in caverns. 
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