A review of metallic tanks for H2 storage with a view to application in future green shipping
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Abstract
Increasing environmental legislation necessitates action within the marine industry to reduce the emission of greenhouse gases, sulphur oxides and nitrogen oxides. Several short-term/intermediate solutions have been introduced. However, the ultimate goal is to achieve complete green shipping. Insights gained from academic and industrial activities demonstrate tangible opportunities for adopting alternative fuels and/or energy sources for future ships, amongst which hydrogen is a promising option. Large scale bunkering of hydrogen on-board marine platforms is inherently risky. To determine the best practice and limitations of current techniques, this review summarises the state-of-the-art in storing hydrogen (fuel) for ships. This review focuses on the mechanical testing, selection of materials and failure mechanisms for cryo-compressed and liquid hydrogen tanks and their insulations. The review also discusses the regulatory aspects with a particular focus on the routes to approval. Knowledge gaps are identified to facilitate further research and development in this field.   
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Acronyms
AUV		Autonomous underwater vehicle
CcH2		Cryo-compressed hydrogen
CVN		Charpy V-notch
EMSA		The European Maritime Safety Organisation
FC		Fuel cell
FCEV		Fuel cell electric vehicle
GH2		Gaseous hydrogen
GHG		Greenhouse gases
HFO		Heavy fuel oil
HT-PEM	High temperature proton exchange membrane
IGC code	International Code of the Construction and Equipment
IGF code	International Code of Safety for Ships using Gases or other Low-flashpoint Fuels
IMO		International Maritime Organisation
LH2		Liquid hydrogen
LNG		Liquid natural gas
LPG		Liquefied petroleum gas
MC		Molten carbonate
MI		Microsphere insulation
MLVI		Multilayer vacuum insulation
NOx		Nitrogen oxides
PA		Phosphoric acid
PEM		Proton exchange membrane
PTFE		Polytetrafluoroethylene
SO		Solid oxide
SOFI		Spay on foam insulation
SOLAS		Safety of Life at Sea
SOx		Sulphur oxides 
TRL		Technology readiness level 
VCS		Vapour-cooled shield
VDMLI	Variable density multilayer insulation

1. Introduction
Climate change is one of the world’s most imminent challenges. Since the first industrial revolution at the end of the 18th century, the global cumulative CO2 emission has exceeded 1.5 trillion tonnes [1]. In addition, the levels of sulphur oxides (SOx), nitrogen oxides (NOx) and other types of greenhouse gases (GHG) such as methane emissions are continually increasing. The shipping sector emits around 940 million tonnes of GHG annually, accounting for 2.5% of the global emission. The annual global SOx and NOx emissions from shipping are estimated to be 10.6 million tonnes and 18.6 million tonnes, respectively; accounting for 12% and 13% of global emissions [2–4]. Within the European Economic Area, the latest publication by the EU Commission reveals that over 138 million tonnes of CO2 was emitted from 11,600 ships in 2019, which contributed to 3.7% of total EU annual CO2 emissions [5]. In terms of other emissions such as SOx and NOx, the percentages are much higher. 

This is primarily due to ship engines burning heavy fuel oil (HFO), for which the technical and economic benefits have been overwhelmingly attractive so far. However, there is a strong drive in the marine industry to reduce these emissions. This move is accelerated at the international regulatory level. The International Maritime Organisation (IMO) GHG emission strategy envisages a reduction in the carbon intensity associated with international shipping. The strategy aims to reduce the average CO2 emissions per transport work by at least 40% by 2030 and 70% by 2050 compared to the 2008 level [6]. It also targets to reduce the total annual GHG emissions by at least 50% by 2050 [6]. In addition, MARPOL aims to progressively reduce the SOx and NOx emissions from shipping. From January 2020, the global sulphur limit is reduced from 3.5% to 0.5% under the revised MARPOL Annex VI [7]. Fleet owners/operators are required to find suitable solutions to cut emissions drastically in order to meet these increasingly stringent regulations.

In response to these requirements and targets numerous solutions have been introduced in the shipping industry. The short-term/intermediate solutions have included: (i) engine improvements and modifications, (ii) optimisation in service conditions and (iii) exhaust gas after-treatment (scrubbers). New academic and industry activities have explored opportunities for adopting alternative fuels and/or energy sources for future ships (long-term solutions), amongst which hydrogen is a promising option. However, carrying large quantities of hydrogen on-board ship, in the harsh marine environment, is inherently a highly risky operation. Although there are some studies on hydrogen storage and fuel cells [8–28], the material selections and failure mechanisms of hydrogen storage tanks and insulation are not well understood for marine applications. Therefore, this paper reviews the state-of-the-art in storing hydrogen (fuel) with a view to application in future green shipping. It is focused on the mechanical testing, material selection and failure mechanisms for cryo-compressed and liquid hydrogen metallic tanks and their insulations. The identified knowledge gaps are summarised to prompt the research activities needed to facilitate the development of hydrogen fuelled ships in the near future.   

2. Current developments and challenges
This section reviews the current development of ships storing hydrogen on board or using hydrogen as fuels. Challenges are highlighted in terms of both safety aspects and the route to approval.

2.1 Current development of hydrogen-fuelled ships
Han et al. [29] and van Biert et al. [16] summarised the basic principles and recent developments of six frequently used hydrogen fuel cells (FCs) for marine applications, these include: (1) the low temperature proton exchange membrane (PEM) FC; (2) the high temperature PEM (HT-PEM) FC; (3) phosphoric acid (PA) FC; (4) alkaline FC; (5) molten carbonate (MC) FC and; (6) solid oxide (SO) FC. The list of existing hydrogen-fuelled ships is presented in Table 1, where the majority are small-scale ships such as ferries and fishing boats. Figure 1 shows the timeline and the trend of maximum power and storage capacity of the ships listed in Table 1. From Table 1 it is evident that compressed gaseous hydrogen (GH2) storage is more widely utilised for FC powered vessels, with power outputs ranging from 1.5 kW to 400 kW. Only one high speed passenger ferry, SF-BREEZE [19], uses liquid hydrogen (LH2) storage. Similarly, metal hydrides are used for low power vessels, the 5 kW passenger ship (Hydra [30]), the 4 kW AUV (URASHIMA [31]) and the 10 kW yacht (Yacht XV 1 [32]). Metal hydrides can conveniently and safely generate sufficient hydrogen at room temperature to support relatively low power FCs (lower than 10 kW) by adding water. Compressed GH2 storage may be required for relatively high power FCs (10 kW to a few hundred kW). As such, only cryogenic hydrogen storage is feasible for FCs with much higher power FCs that are needed for large ships. 

Hydrogen FCs are believed to be the only feasible zero-emission power solution for large commercial ships in comparison with other renewable energy sources, such as solar, wind, bio-energy and batteries [3,16]. When compared with the second generation Li-ion battery, the cryogenic compressed hydrogen (CcH2) at 60 K under 350 bar is 13 times lighter and takes five times smaller storage volume for the same energy output [33]. Furthermore, since the hydrogen fuel storage is separate from the FC, the cruising range of hydrogen FC powered ships is longer than Li-ion battery powered ships. In addition, rapid refuelling is another advantage of using hydrogen FCs since fast battery charging still remains a challenging problem even for moderate capacities such as for land-based electric vehicles [33]. To date, only two of the ships listed in Table 1 are registered with the Classification Societies. Yacht No. 1 [34] was the world’s first hydrogen powered yacht certified under the safety auditor Germanischer Lloyd (now DNVGL). The Hydroville [19,35] was the first Lloyd’s Register classified hydrogen powered passenger ship. The relatively few number of classified hydrogen powered ships suggests the lack of relevant codes/standards that can be used by the Classification Societies and/or other statuary bodies. 
 

5

Table 1. Current applications of hydrogen fuel in ships
	Ship category
	Ship name
	Time
	Country
	Power
	Hydrogen storage
	Remarks

	Autonomous underwater vehicles (AUVs)
	PC-14  [21]
	1989
	USA
	3 kW PEM FC 
	N/A
	N/A

	
	URASHIMA  [22]
	2004
	Japan
	4 kW PEM FC
	Metal hydride 
	The world’s first longest continuous AUV cruising for 317 km; 
Refuelled from mother ship

	
	DeepC  [21]
	2004
	Germany
	Two 60 kW PEM FCs 
	N/A
	N/A

	
	URASHIMA 2nd generation [36]
	2009
	Japan
	10 kW high-efficiency multi-class FC
	Metal hydride
	600 hours continuous electric power generation; 
3000 km cruising range

	
	IDEF [36]
	2009
	N/A
	1.5 kW PEM FC
	A 300 bar 50 L hydrogen pressure gas bottle
	300 km cruising range

	Submarines
	Class 212A and 214 submarines  [24]
	2003
	Germany
	306 kW PEM FCs (30-50 kW per module on Class 212A, 120 kW per module on Class 214)
	Pressure hull and outer light hull
	N/A

	Passenger ships/Ferries
	Hydra [30]
	1999
	Germany
	5 kW alkaline FC
	Metal hydride (33 m3 hydrogen)
	22 passengers

	
	Hydroxy 3000  [37]
	2003
	Switzerland
	Water-cooled 3 kW FC
	200 bar 76 L hydrogen pressure gas bottle
	

	
	Xperiance NX [38]
	2006
	N/A
	1.2 kW PEM FC
	Four exchangeable hydrogen gas tanks with 200 bar 30 L hydrogen gas in each
	12 passengers; 
Can be refuelled with exchangeable tanks at a local hydrogen station

	
	Tuckerboot [32]
	2007
	Germany
	Two 1.2 kW PEM FCs
	Exchangeable hydrogen pressure tanks
	8 passengers; 
Can be refuelled at Hamburg airport hydrogen station

	
	Ross Barlow [39]
	2007
	UK
	1 kW PEM FC, solar and wind power
	Fixed hydrogen tanks and solid-state hydrogen store
	N/A

	
	ALSTERWASSER [19]
	2006-2010
	Germany
	Two 48 kW FCs
	12 tanks of 350 bar 50 kg hydrogen
	The world’s first commercial over 100-passenger hydrogen fuel cell powered inland ship; 

	
	Elding [40]
	2008
	Iceland
	10 kW FC for auxiliary power unit
	High-pressure tanks (350 bar)
	N/A 

	
	MF Vagen [19]
	2010
	Norway
	12 kW HT-PEM FC
	N/A
	N/A

	
	Hornblower Hybrid [19]
	2011
	US
	Hybrid (diesel, batteries, wind and PEM FC)
	N/A
	600 passengers

	
	Nemo H2 [19]
	2012
	Netherlands
	65 kW PEM FC and 30-50 kW battery
	40 kg hydrogen in eight cylinders with a pressure of 350 bar
	100 passengers; 
Can be refuelled at hydrogen station

	
	Hydrogenesis [19]
	2013
	UK
	12 kW FC
	N/A
	N/A

	
	SF-BREEZE [19,41]
	2015
	US
	41 120 kW PEM FCs (4.92 MW in total)
	1,200 kg LH2 tank
	150 passengers 

	
	Hydroville [19,35]
	2017
	Belgium
	Two hydrogen internal combustion engines
	12 hydrogen tanks at 200 bar (205 L each)
	N/A

	Yachts & sport boats
	Yacht No.1 [34]
	2003
	Germany
	Four 1.2 kW PEM FCs
	Three hydrogen tanks with 6 kg hydrogen at 300 bar
	The first hydrogen-powered yacht

	
	Yacht XV 1 [32]
	2004
	N/A
	Hybrid (10 kW PEM FC, two solar panels (600 W), one wind generator (90 W), 12 absorbent glass mat batteries, three house batteries and internal combustion engines)
	Either metal hydride or compressed hydrogen with lightweight composite tanks
	Hydrogen can be generated on-board; 
Project note completed

	
	Cobalt 233 Zet [19,42]
	2007
	Germany
	Hybrid (50 kW batteries and PEM FCs)
	Three 350 bar hydrogen tanks
	N/A

	
	Riviera 600 [43]
	2009
	Austria
	4 kW hydrogen FC
	High-pressure tanks
	N/A

	
	Energy Observer  [44]
	2017
	France
	114 kW hydrogen FC
	Eight aluminium and carbon fibre tanks (62 kg hydrogen)
	The first vessel, aiming for the energy autonomy, with zero GHG emissions or fine particles; the world’s first vessel producing its hydrogen from seawater

	Fishing boats
	N/A [45]
	2015
	Japan
	Hydrogen FC
	One 450 L tank
	12 passengers and sail at maximum 20 knots

	Tow boats
	RiverCell-Elektra  [19]
	2019
	Germany
	Two 200 kW HT-PEM FCs
	740 kg compressed hydrogen in six 500 bar tanks
	The world’s first tow boat





[image: ] 
Figure 1. The timeline of hydrogen fuel powered ships (blue – under water vehicles; purple – submarines; green – passenger ships and ferries; red – yachts and sport vessels; black –others).

2.2 Hydrogen as a future fuel for shipping 
2.2.1 Energy density 
Figure 2 compares the gravimetric and the volumetric energy densities of hydrogen with other fuels. The gravimetric energy density of hydrogen is more than double that of methane, liquefied petroleum gas (LPG), gasoline and diesel of the same weight [17]. However, the volumetric energy density of LH2 is only 25% of that for diesel. Compressed GH2 at 700 bar is nearly half the volumetric energy density of LH2. Compressed GH2 at 150 bar requires a volume nearly six times greater than LH2 [46]. 
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                                              (a)                                                                                     (b)
Figure 2. (a) Gravimetric and (b) volumetric energy densities of different fuels [17].

Table 2 lists and compares the typical power/fuel requirements for land-based vehicles and small/large ships. To provide the same amount of power, the required quantity of HFO is 3.5 times greater than the corresponding quantity of hydrogen fuel. However, the fuel tank size will have to be increased if hydrogen is used to replace HFO. Using LH2 instead of compressed GH2 reduces the size of fuel tank. This difference in fuel tank size increases with increasing size of the ship. However, for higher pressure hydrogen fuel, thicker tank-wall will be required. For example, aluminium alloy tank-wall thickness for 700 bar compressed GH2 storage tanks is at least two orders of magnitude greater than for LH2 storage tanks [25]. Increased tank-wall thicknesses not only increase the total weight of the storage system, but also increases the total storage costs due to the extra material requirements. 

Table 2. Comparison of vehicle power requirements (HFO and diesel versus hydrogen)
	​
	Land-based vehicle
	H2-fuelled ship (Hydroville)​
	Capesize bulk carrier [47,48]​

	Power [kW]​
	90​
	441​
	15000​

	Diesel/HFO quantity [kg]
	37– 67 (diesel)
	101 (diesel)
	1843452 – 3688957 (HFO)

	H2 quantity [kg]​
	12.6 – 22.4
	34​
	504000 – 1008000

	Diesel/HFO tank size [m3]
	0.05 – 0.08 (diesel)
	0.12 (diesel)
	1818 – 3637 (HFO)

	350 bar compressed GH2 tank size [m3]​ 

	0.53 – 0.94
	1.42
	21088 – 42176

	LH2 tank size [m3]
	0.18 – 0.32
	0.486
	7200 – 14400



Typical hydrogen tank sizes of land-based vehicles, small passenger ships/yachts and aircrafts are 0.1 m3 [9,28], 0.5 – 32 m3 (Table 1) and 20 m3 respectively [46]. However, on large commercial ships such as Panamax container ships with typical HFO tank size above 4500 m3 [47], the size of LH2 fuel storage would be more than 18,000 m3. If carrying LH2 on a ship of a similar size of an LNG carrier, the typical size of LH2 storage would be 175,000 m3. Furthermore, McKinlay et al. [49] investigated 108 voyages of long distance ships based on a dataset covering a period of 3 years and 2 months and stated that the maximum delivered energy for any given voyage is 9720 MWh. In order to generate this energy, the LH2 storage would be larger than 6547 m3.  

2.2.2 Storage methods
The methods for hydrogen storage can be categorised as physical-based and material-based [11,13,18,20–22,32,50,51]. Material-based methods store hydrogen as solid state compounds through chemical absorption and physical adsorption [15]. Chemical absorption includes ammonia, metal hydrides, formic acid, carbohydrate and liquid organic hydrogen carriers, whereas physical adsorption consists of carbon materials, zeolites, metal organic framework, glass capillary arrays, glass microspheres and organotransition metal complexes [21]. More details about the material-based storage methods can be found in [21]. Material-based methods are unlikely to be commercially used in the near future due to their low technology readiness level (TRL) compared to the physical-based methods. Chemical absorption methods are generally below TRL 5 [52] and the majority of the physical adsorption methods are currently at TRL 2 [52]. In comparison, compressed GH2 storage, a physical-based method, is estimated to be TRL 8 to 9 [52]. In addition, material-based methods have a relatively low hydrogen storage capacity, which is up to 19.4 wt.% of solid state compounds [21]. Therefore, the current review focuses on the more viable physical methods of hydrogen storage.  

Physical-based methods mainly consist of three storage types, i.e., LH2, cryo-compressed hydrogen (CcH2) and compressed GH2 [11]. A comparison between these three hydrogen storage methods is summarised in Table 3 [11–13,21,32,50,53,54]. In the literature, there are several definitions of cryogenic hydrogen temperature range. Kunze and Kircher [55] considered the temperature of CcH2 to be between 33 K and 233 K. The US Department of Energy hydrogen storage report defines the cryogenic temperature to be below 123 K and the cold temperature between 123 K and 233 K [56]. In Ref. [57] the cryogenic temperature of hydrogen is split into low-temperature cryogenic (below 77 K) and high-temperature cryogenic (77 K to 223 K). The former covers a similar range as defined by Rivard et al. [50] for CcH2, which is between 40 K and 80 K. Therefore, the temperature range of CcH2 is defined as 33 K to 77 K in this review.

Table 3. Comparison between compressed GH2, CcH2 and LH2 storage methods [11–13,21,32,50,53,54]
	Storage method
	Temperature [K]
	Pressure [bar]
	Volumetric energy density [kWh/L]
	Advantages
	Limitations
	Applications

	Compressed gaseous hydrogen (GH2)
	233 - 300
	150 – 800
	0.8 at 350 bar; 1.4 at 700 bar
	Light-weight
	Low energy density; up to 10% energy loss in the compression process
	Small-scale storage; mobile applications such as hydrogen powered vehicles

	Cryo-compressed hydrogen (CcH2)
	33-77
	150 – 350
	2.6 at 38 K and 300 bar
	High energy density; energy loss is lower than the liquefaction process
	Require strict insulation
	Medium to large-scale storage;  transportation such as truck delivery and international hydrogen shipping

	Liquid hydrogen (LH2)
	20-33
	1 – 12.76
	> 2.3 
	High energy density
	Require strict insulation; up to 40% energy consumption in liquefaction processes
	Medium to large-scale storage;  transportation such as truck delivery and international hydrogen shipping



Figure 3 compares LH2, CcH2 and compressed GH2 in terms of their temperature, pressure and density characteristics [55,58]. The hydrogen density of a 350 bar pressure tank is 23.5 g/L and for a 700 bar tank is 39.5 g/L at 288 K (14.85 ºC) [55,58]. In order to achieve the same volumetric capacity as LH2 (70 g/L at 20 K), the temperature has to be lowered to 63 K for 350 bar tanks and 113 K for 700 bar tanks. Considering the high density and volumetric energy density requirements for large ships, this review focuses on the storage of CcH2 and LH2.
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Figure 3. Density comparison between liquid, cryo-compressed and compressed gaseous hydrogen [55,58].

2.2.3 Supply chain and costs 
Hydrogen gas can be produced from fossil fuel or renewable sources [59], as illustrated in Figure 4. Currently, the main hydrogen gas production uses fossil fuels, where processes such as natural gas reforming and coal gasification produce approximately 1.36 billion m3 hydrogen gas per day globally [60]. The produced pure hydrogen will be supplied through pipelines to large vacuum-insulated tanks or distributed from the plant to the end users, such as road transportation sector by cryogenic truck trailers [17]. Further details of the hydrogen gas supply chain are described in Ref. [59].

[image: ]
Figure 4. Hydrogen gas production processes [59].

The Shell Hydrogen Study [59] reported that the cost of hydrogen FC electric land-based vehicles would be over 10% lower than petrol-electric hybrid and petrol vehicles based on vehicle ownership costs at 200,000 kilometres mileage. However, there is no data showing a direct comparison between the cost of hydrogen fuel and HFO for ships. DNV GL [48] reported that the hydrogen cost produced from natural gas reforming is equivalent to US$ 800 to US$ 2,170 per tonne crude oil and the cost produced from electrolysers ranges between US$ 1,170 and US$ 2,770 per tonne crude oil in 2018. However, with potential taxation added to using HFO, e.g., $2 levy on every tonne of ships’ fuel suggested by ship owners [61], the cost of alternative fuels including hydrogen for shipping is expected to decrease in the future. Hydrogen storage costs vary depending on the storage method (LH2, CcH2 or compressed GH2). The cost of storing LH2 is generally the lowest, and highest for GH2. A 4300 kg LH2 tank is $5 per kWh and for a 100-litre LH2 tank the cost is $11.58 per kWh [11,13,50,53]. Storing 300 bar CcH2 costs $12 per kWh [11,13,50,53]. In addition, compared with LNG as a ship fuel, which is now considered a fully-developed technology, LH2 has similar costs for energy conversion, piping, ventilation, heat exchanger and pumps [48]. However, the storage construction is more expensive due to the lower temperature and higher insulation requirements [48].

2.3 Challenges in safely storing hydrogen
Figure 5 shows the main hazards related to handling and storing hydrogen at cryogenic temperatures on a ship [62,63]. A primary concern is fire safety due to the wide range of ignition limits in air (4.1 to 74.2 vol.%). A combustion event requires the formation of combustion mixture and a source of ignition. Figure 6 summarises the general causes for each aspect [63]. It can be seen that material related issues (underlined in the figure) can result in leaks/spills and mechanical/thermal ignition, leading to fire or an explosion.  





Figure 5. Main hazards related to handling and storing hydrogen on ships [62,63].



Figure 6. Causes for hydrogen combustion hazard (material related issues are underlined) [63]. 

Storage tank failure is primarily due to the physical hazards highlighted in Figure 5, i.e., material failure, excessive pressure due to leaks and/or pressure relief system failure if compressed GH2 is stored. The most challenging areas include hydrogen permeation, hydrogen embrittlement, and heat transfer through simultaneous conduction, convection and radiation. The permeability of both composite and metallic tank material is raised with increased temperature [64,65]. This may lead to hydrogen gas cumulating and reaching to flammability limit in a closed environment outside the storage tank. It can also cause micro-cracks in the materials [25]. Hydrogen embrittlement means degraded fracture toughness and/or ductility of metallic materials [66]. This may result in reduced load bearing capacity and premature failures. Heat transfer is particularly relevant for storing LH2 [67]. This is due to the temperature difference (over 10 times) between the LH2 (20 K) and the ambient environment (300 K). Subsequently this causes boil-off gas during daily operation. The boil-off gas needs safe disposal by either diffusing into air, burning or capturing. Excessive boil-off is not acceptable since it is uneconomical, has the potential to cause fire and limits the cruising range of ships. Hydrogen tanks with spherical shape can minimise the heat transfer by reducing the thermal conduction and convection since the spherical shape provides minimum surface area for a given volume [25]. The heat transfer may also lead to thermal expansion of the storage tank materials. This is particularly pertinent for tanks made of hybrid composite and metallic materials. Since composites have lower coefficient of thermal expansion than metallic materials, using composite cryogenic hydrogen tank with metallic liner may lead to separation or fracture of the liner [57]. 

Kircher et al. [33] stated that LH2 and CcH2 have 6 to 15 times lower adiabatic expansion energies than compressed GH2, as shown in Table 4. During a sudden failure of the pressure vessel, a significant fraction of the stored energy will be released in a short period of time when the adiabatic expansion energy is high, which can cause severe storage failures such as a tank burst [33]. This means that LH2 and CcH2 storage methods provide a potentially higher level of safety than compressed GH2 method in the case of sudden pressure tank failure during refuelling [55]. 

Table 4. Adiabatic expansion energies for different physical storage methods [33]
	Hydrogen form
	Temperature [K]
	Pressure [bar]
	Adiabatic expansion energy [kWh/kg]

	Liquid hydrogen (LH2)
	26
	4
	0.010

	Cryo-compressed hydrogen (CcH2)
	48
	250
	0.053

	
	80
	300
	0.130

	Compressed gaseous hydrogen (GH2)
	350
	350
	0.800

	
	288
	700
	0.650

	
	350
	700
	0.810



In addition to the general challenges mentioned above, there are specific technical barriers related to storing cryogenic hydrogen on ships (temperatures lower than 77 K), in either liquid or cryo-compressed form. The long service life of ships (typically 25 years) and complex service load place onerous demands on the strength and reliability of the storage system. There is limited experience and long-term operation data from the marine industry given the limited number of ships built carrying hydrogen (Section 1.2). There is a lack of understanding and available data related to the fundamental material and structural behaviour (failure modes) of hydrogen storage tanks in harsh service conditions. All of these barriers lead to a general lack of confidence in constructing and approving large-scale hydrogen storage on ships.

2.4 A route to approval
In granting registration of vessels, the flag state registry relies on classification societies to assess and approve the design and technology. The technology, once it exists, will require a route to approval for testing and subsequently deployment. Only an ad hoc route is currently available, based on engineering analysis and design methodology. 

In the present review, the temperature range of LH2 and CcH2 is 20 K to 77 K. This range is not covered by the IMO’s most closely related codes, namely the International Code of Safety for Ships Using Gases or Other Low-flashpoint Fuels (IGF code) or the International Code of the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC code) which are for using or carrying flashpoint fuels above 77 K [69–71]. In the absence of specific regulation, the flag state registry may approve new designs or technology through a procedure known as Alternative Design & Arrangement (AD&A). Such approvals are risk-based and case-by-case based, and the route is available for present purposes through SOLAS Chapter II-1, Construction - Structure, subdivision and stability, machinery and electrical installations. The relevant guidelines are contained in IMO Circular MSC.1/Circ.1212, entitled Guidelines on alternative design and arrangements for SOLAS Chapters II-1 and III. The latter define AD&A as ‘measures which deviate from the prescriptive requirement(s) of SOLAS chapters II-1 or III, but are suitable to satisfy the intent of that chapter’ [72]. The guidelines provide a methodology for the engineering analysis required for which the approval of an alternative design deviating from the otherwise prescriptive requirements is sought [72]. While IMO guidance is available on AD&A, more specific flag state or approval guidance may be lacking; for example the UK Marine and Coastguard Agency guidance on AD&A under these Guidelines states laconically: ‘None’ [73]. The classification society DNVGL has a detailed framework on AD&A [74], but classification society BV’s AD&A framework is limited to SOLAS Chapter III (life-saving appliances) [75]. The IMO Guidelines require a comprehensive hazard identification followed by quantitative risk analysis. This is an onerous task to achieve when historical data/experience is lacking.

Relevant international/national codes and standards from other sectors are summarised in Table 5. Specifically, the ISO Technical Committee TC197 focuses on hydrogen technologies (mostly on GH2 usage), publications from which could be used as key terms of reference for marine applications. In addition, there are a range of codes and standards for fuel cell technologies, aerospace industry and land vehicles. However, the stipulated requirements should be used with caution due to different operational profiles. 
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Table 5. Available regulatory standards (not all directly applicable)
	Standard/Code
	Title
	LH2
	GH2
	Storage

	ISO TC 197 Hydrogen technologies

	ISO 13984:1999
	Liquid hydrogen - Land vehicle fuelling system interface
	
	
	

	ISO 13985:2006
	Liquid hydrogen – Land vehicle fuel tanks
	
	
	

	ISO/TR 15916:2015
	Basic considerations for the safety of hydrogen systems
	
	
	

	ISO 16110-1:2007
	Hydrogen generators using fuel processing technologies – Part 1: Safety
	
	
	

	ISO 16110-2:2010
	Hydrogen generators using fuel processing technologies Part 2: Test methods for performance
	
	
	

	ISO 16111:2018
	Transportable gas storage devices — Hydrogen absorbed in reversible metal hydride
	
	
	

	ISO 17268:2020
	Gaseous hydrogen land vehicle refuelling connection devices
	
	
	

	ISO 19880-1:2020
	Gaseous hydrogen - Fuelling stations Part 1: General requirements
	
	
	

	ISO 19880-3:2018
	Gaseous hydrogen - Fuelling stations Part 3: Valves
	
	
	

	ISO 19880-5:2019
	Gaseous hydrogen - Fuelling stations Part 5: Dispenser hoses and hose assemblies
	
	
	

	ISO 19880-8:2019
	Gaseous hydrogen — Fuelling stations — Part 8: Fuel quality control
	
	
	

	ISO 19881:2018
	Gaseous hydrogen — Land vehicle fuel containers
	
	
	

	ISO 19882:2018
	Gaseous hydrogen — Thermally activated pressure relief devices for compressed hydrogen vehicle fuel containers
	
	
	

	ISO 22734:2019
	Hydrogen generators using water electrolysis - Industrial, commercial, and residential applications
	
	
	

	ISO 26242:2010
	Hydrogen detection apparatus — Stationary applications
	
	
	

	ISO TC 220 Cryogenic vessels

	ISO 20421-1:2019
	Cryogenic vessels — Large transportable vacuum-insulated vessels — Part 1: Design, fabrication, inspection and testing
	
	
	

	ISO 20421-2:2017
	Cryogenic vessels — Large transportable vacuum-insulated vessels — Part 2: Operational requirements
	
	
	

	ISO 21009-1:2008
	Cryogenic vessels— Static vacuum-insulated vessels Part 1: Design, fabrication, inspection and tests
	
	
	

	ISO 21009-2:2015
	Cryogenic vessels— Static vacuum-insulated vessels Part 2: Operational requirements
	
	
	

	ISO 21011:2008
	Cryogenic vessels - Valves for cryogenic service
	
	
	

	ISO 21014:2019
	Cryogenic vessels — Cryogenic insulation performance
	
	
	

	ISO 21028-1:2016
	Cryogenic vessels — Toughness requirements for materials at cryogenic temperature — Part 1: Temperatures below -80 degrees C
	
	
	

	ISO 21029-1:2018
	Cryogenic vessels — Transportable vacuum insulated vessels of not more than 1 000 litres volume — Part 1: Design, fabrication, inspection and tests
	
	
	

	ISO 21029-2:2015
	Cryogenic vessels — Transportable vacuum insulated vessels of not more than 1 000 litres volume — Part 2: Operational requirements
	
	
	

	ISO 24490:2016
	Cryogenic vessels — Pumps for cryogenic service
	
	
	

	ISO TC 22/SC 37 Electrically propelled vehicles

	ISO 23273:2013
	Fuel cell road vehicles — Safety specifications — Protection against hydrogen hazards for vehicles fuelled with compressed hydrogen
	
	
	

	ISO 23828:2013
	Fuel cell road vehicles — Energy consumption measurement — Vehicles fuelled with compressed hydrogen
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3. Materials and insulation for storing cryo-compressed and liquid hydrogen 
With the hydrogen storage methods identified for future shipping, this section reviews existing tank and insulation techniques for cryo-compressed (CcH2) and liquid hydrogen (LH2) applications. 
 
3.1 Existing storage tank types 
There are four types of hydrogen storage tanks that are currently used, namely Type I, Type II, Type III and Type IV tanks [10,22,76]. 
· Type I is made of metal and it is the most technically mature method for storing CcH2 [10,18]; 
· Type II is constructed by a metallic liner which is hoop wrapped with light-weight fibre-reinforced composite material using filament winding method; 
· Type III is similar to Type II, where the only difference is using fully wrapped instead of hoop wrapped fibre-reinforced composites. This technology is mature for storage pressure under 350 bar and is under development for 700 bar; 
· Type IV is made of a polymeric liner fully-wrapped with fibre-reinforced composite using the filament winding method. The most used liners are polyethylene and polyamide based polymers. 

Rivard et al. [50] summarised the cost and gravimetric density for the four hydrogen storage tank types, as listed in Table 6. The gravimetric density is the proportion of hydrogen weight with respect to the total weight of a fully filled hydrogen tank. Compared to Type I, the total containment weight of the Type II tank is reduced. Type III tank has significantly higher costs compared to the Type I and Type II tanks [22]. BMW is currently validating Type III tank designed by Kircher et al. for hydrogen cars [33,55]. Compared with Type III tanks, the Type IV tank has a similar cost but lower weight.

Table 6. Cost and gravimetric density of Type I, II, III and IV tanks [50]
	Type
	Materials
	Maximum pressure [bar]
	Cost [$/kg]
	Gravimetric density [wt %] 

	I
	All-metal construction
	Austenitic steels or aluminium alloys
	300
	83
	1.7

	II
	Metallic liner hoop wrapped by composite
	Aluminium alloys liner and glass-, aramid- or carbon-fibre composites
	300
	86
	2.1

	III
	Metallic liner fully wrapped by composite
	Aluminium alloys liner and glass-, aramid- or carbon-fibre composites
	Mature for 350; development for 700
	700
	4.2

	IV
	All-composite construction
	Polyethylene or polyamide based polymers liner and glass-, aramid- or carbon-fibre composites
	Mature for 350; development for 700
	633
	5.7




3.2 Insulation methods and materials 
Insulating CcH2 and LH2 tanks is essential for safe and economical operations [77]. To date, the majority of the experience has come from land-based vehicle applications. Maintaining a cryogenic temperature means low release energy of hydrogen. Insulation also prevents condensation and solidification of atmospheric gases onto the tank, which reduces the possibility of corrosion [25]. Poor insulation will lead to excessive evaporation in cryogenic tanks and hence loss of hydrogen fuel. Vaporisation in transfer lines critically reduces the carrying capacity and can lead to fracture of pipes.

Zhang et al. [24] considered the control of three heat transfer mechanisms for storing and transferring cryogenic hydrogen (radiation heat transfer, contact heat transfer and heat convection). The radiation heat transfer rate is proportional to the emissivity of the shields between the inside and outside surfaces; and negatively proportional to the number of insulation layers [24]. Consequently, a multilayer insulation (MLI) (superinsulation) is frequently used on CcH2 and LH2 tanks. To minimise radiation heat transfer, the MLI normally has 30 to 80 sandwich-structured layers. This also provides approximately three orders of magnitude lower thermal conductivity than fibre-glass insulation [78]. Each layer consists of two low-emissivity radiation shields, such as aluminium foil and aluminium Mylar, and a low-conductivity spacer in the middle using materials such as glass-fibre paper. The adjacent shields only touch at a few discrete points between the layers to minimise the contact heat conduction [24]. Furthermore, a vacuum between the outer and inner shells is frequently used to minimise the conductivity and heat convection. Support members are normally installed between the outer and inner shells to provide adequate mechanical strength. A higher vacuum level provides better thermal properties. However, maintaining a high vacuum level is challenging since the jacket vacuum system deforms when the vacuum level is increased [25]. One method to solve this problem is to use low-density polymer foams. Another frequently investigated insulation type is the variable-density multilayer insulation (VDMLI). It contains a spay on foam insulation (SOFI) layer and variable-density layers [79]. The SOFI is contacted with the cryogenic tank and wrapped by the variable-density layers with low-density layers on the inner side and high-density layers on the outer side. The lower density is defined as fewer layers within a fix thickness and the layers are separated by more discontinuities spacers than the high-density layers. The VDMLI is illustrated in Figure 7(a).

Mital et al. [25] compared the advantages and disadvantages of insulation methods using foam, perlite, aerogel, vacuum and multilayer vacuum insulation (MLVI) for aircraft LH2 fuel tanks (typical size: 20 m3) [46]. It was concluded that the polymer foam insulation is the best choice due to its low cost and light weight. Additionally, it is easy to implement and hence is currently in use in the aviation industry. However, the foam materials used on aerospace LH2 tanks have a heat flux between 65 W/m2 and 185 W/m2 when it is 293 K outside the tank and 77 K inside the tank, respectively [80]. Consequently, the polymer foam insulation is limited to short duration missions (hours to days) due to the excessive thermal conductivity [25].

Comparisons were also made for several insulation methods of LH2 and CcH2 tanks [67,79,81,82]. This includes MLVI, microsphere insulation (MI), VDMLI, MLI with vapour-cooled shield (MLI+VCS) and VDMLI with vapour-cooled shield (VDMLI+VCS), where the VCS uses self-evaporation gases from LH2 containment to absorb some of the heat and avoid further warming the LH2 through the vapour outlet [83–86]. Zheng et al. [82] stated that the sensible heat of GH2 is larger when compared to the evaporation of other cryogenic liquids, which is a significant feature of LH2 storage. Furthermore, the ratio between sensible heat of GH2 from 20 K to 300 K and its vaporization heat is 7.82 at 1 bar and is significantly increased with increased pressure (23.70 at 12 bar) [82]. This large ratio makes the recovery of the GH2 sensible heat become significant on improving the thermal insulation performance, which is the intention of using self-evaporation vapour-cooled shield on LH2 tanks [82–86]. The illustration of VDMLI+VCS is shown in Figure 7(b). 
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Figure 7. Illustrations of (a) VDMLI and (b) VDMLI+VCS.

The relative heat flux (with respect to MLVI, 0.4 W/m2) and boil-off loss are shown in Figure 8 [81,82]. It can be seen that using the MLI+VCS method could reduce 16% heat flux when compared against the VDMLI method. The VDMLI+VCS has nearly 60% lower heat flux than the MLI+VCS method. The VDMLI+VCS provides lowest heat flux (approximately 0.14 W/m2) when the vapour-cooled shield is at the 30% of the distance between the tank boundary and the ambient environment [82]. In terms of hydrogen loss, the VDMLI saves over 58% hydrogen loss compared to the MLVI in a 45-day test [82]; the latter resulted in 66% reduction in hydrogen loss compared to the MI in a 30-day test [81]. The VDMLI is also 74% lighter than the MLVI. The MLI+VCS reduces over 50% daily hydrogen boil-off loss when compared against MLVI [86]. Overall, the VDMLI+VCS provides the best insulation performance amongst the investigated insulation methods. 
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Figure 8. Relative heat flux (with respect to MLVI, 0.4 W/m2) and hydrogen boil-off loss of different insulation methods [81,82].

Although the existing hydrogen insulation methods are for vehicle and aviation applications, they are considered to also have potential for marine applications. For example, the polyurethane foam, normally used as the SOFI for LH2 tanks on launch vehicles and spacecraft [80], is also widely used on LNG carriers. Other LNG tank insulation materials include phenolic resin foam composite panels and polystyrene panels [87–90]. The insulation panels are covered by aluminium face sheet, e.g., AA1050, and fixed by aluminium strip [87–90]. The heat flux of these foam insulations is approximately 5000 W/m2. Purging/sweeping gases, such as nitrogen and LNG vapours, can be used to further reduce the heat flux of these foam insulations. Jiang et al. [84] stated the heat flux is reduced by 20% after implementing methane vapour as purging/sweeping gases on liquid methane tank. In comparison, the VDMLI+VCS method has extremely low heat flux, ranging from 0.1 W/m2 to 10 W/m2. The VDMLI+VCS consists a polyurethane foam layer (tens of millimetres thick), tens of layers of aluminium foil or aluminised Mylar shields, glass-fibre or Dacron spacers and a pipe system for inducing cold vent gas into the multilayer insulation. This makes it a more expensive method than the current foam-based insulation on LNG carriers. However, the low heat flux and reduced hydrogen boil-off losses could compensate the building cost in long term operations.

Within the open literature there are few studies on insulation failures. Moreno-Blanco et al. [91,92] investigated the failure of the outer metallic jacket as a consequence of insulation failure of CcH2 tanks. They modelled the hydrogen pressurisation in a 113 L CcH2 tank (at 57.8 K and 300 bar) with MLVI failure and remarked that the insulation failure increased the heat transfer into the tank by 100 times [91,92]. This led to the release of a large fraction of hydrogen, and hence a potential safety issue if the tank were to be located in an enclosed area. To mitigate the risk, Moreno-Blanco et al. [91] proposed a method to calculate the required capacity of FCs for consuming the released hydrogen based on the hydrogen extraction rates. This method helps to contain the released hydrogen without the need to release hydrogen outside the storage environment.

4. Attributes and mechanical properties of metallic materials in cryogenic hydrogen environments
According to the IGF and IGC codes, 9% nickel steels, high manganese austenitic steels (22 – 26 wt% Mn) and austenitic stainless steels including types 304, 304L, 316, 316L, 321 and 347 can be used for cryogenic tank structures at a design temperatures between 218 K (-55 ºC) and 108 K (-165 ºC) [69–71]. The impact test temperature required in the IGF/IGC codes for these materials is down to 77 K (-196 ºC).  The most commonly used materials for CcH2 and LH2 tanks are austenitic stainless steels 304 and 316, iron-based super alloy A286 stainless steel and aluminium alloys 6061 and 7060 [18,51]. As mentioned in Section 2, the most frequently used metallic liner of Type II and III CcH2 tanks is aluminium alloys [14,18,22]. The thermal conductivity and expansion of austenitic stainless steels and aluminium alloys (base metal) at cryogenic temperatures are summarised in Figure 9 and Appendix Table A1 [93–97]. It is found that the thermal conductivities of both materials are increased with increased temperature with higher gradient observed in aluminium alloys. The thermal expansion coefficients of austenitic stainless steels are lower than that of aluminium alloy AA6061. These two coefficients imply that aluminium tanks have great ability to conduct heat and have greater tendency to deform due to temperature increase. In comparison, austenitic stainless steel tanks are thermally more stable. Copper alloys could be used as valves and braze material since they have lower permeability than stainless steels [51,98]. However, they are not suitable as tank structures since they have significantly higher thermal conductivity than other metallic materials [51,98]. The typical thermal conductivity values for copper are 400 W/m/K at 4 K, 1950 W/m/K at 20 K and 550 W/m/K at 77 K [99]. 
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Figure 9. Comparison of thermal conductivity and thermal expansion coefficient of austenitic stainless steels and aluminium alloys at cryogenic temperatures (the arrows indicate the corresponding vertical axis for the data) [93–97].

The chemical composition of the materials tested for cryogenic hydrogen application in the literature [69,98,100–113] are summarised in Appendix Table A2. One important parameter associated with the chemical compositions is the nickel equivalent, Nieq, which is defined by Equation (1), where all elements are in weight percentages (%) [107]. The nickel equivalent is an index to evaluate the degree of austenite phase stability against strain-induced martensitic transformation and the tendency of forming the austenite phase [107,114], hence it reflects the material’s resistance to hydrogen embrittlement [107]. This will be discussed in more detail in Section 5. 



4.1 Tensile properties
Tensile tests at cryogenic temperatures are normally performed using a servo-hydraulic tensile test machine with a vacuum insulated container retaining cryogenic fluids. The container, grips, pull rods and cryogenic load frame are usually made of austenitic stainless steels (AISI 304LN), wrought nickel-base super alloys or titanium alloys (Ti-6AI-4V and Ti-5Al-2.5Sn) [115]. The specimen is required to be cooled to the test temperature and remains fully immerged in the cryogenic fluid during the test. A schematic illustration of the typical tensile test machine at liquid helium temperature (4 K) can be found in BS ISO 6892-4:2015 [115].

The tensile properties of metallic materials (unnotched) tested in LH2 (20 K) are summarised in Figure 10 and Appendix Table A3, which include the 0.2% proof strength fp0.2 i.e. the strength corresponding to 0.2% plastic strain, the yield strength fy, the ultimate tensile strength fu, strain at fracture εf and the reduction area at fracture Af. Similarly, the tensile properties of metallic materials (unnotched) in the CcH2 environment (77 K) are summarised in Figure 11 and Appendix Table A4. It can be seen that in LH2 condition (20 K), the proof strengths of aluminium alloys are marginally lower than the ultimate tensile strengths whereas the proof strengths of austenitic stainless steels are approximately half the values of the ultimate tensile strengths. In addition, the proof strengths of these two types of materials are comparable.  No information is available on the reduction of area at fracture for aluminium alloys. This is primarily due to the fact that most of the tested samples were sheet alloys. It has been reported that the reduction of area at fracture is more related to the chemical composition of the material and hydrogen embrittlement influence rather than the cryogenic temperature effect [106,107,109].  The percentage elongations of aluminium alloys are much smaller than those of stainless steels.  When tested in CcH2 environment (77 K), only one set data is available for aluminium alloy AA2219. Its proof strength is of similar magnitude as the austenitic stainless steels. However, the ultimate tensile strengths and elongations of stainless steels are nearly three times higher than those of AA2219. 


                                                  (a)

                                                  (b)
Figure 10. Tensile properties tested in LH2 (20 K) [1–17]: (a) the 0.2% proof strength and the ultimate tensile strength; (b) elongation and reduction of area at fracture.



                                                  (a)

                                                  (b)
Figure 11. Tensile properties tested in CcH2 (77 K) [1–17]: (a) the 0.2% proof strength and the ultimate tensile strength; (b) elongation and reduction of area at fracture

Figure 12 presents a direct comparison of proof strength and ultimate tensile strength of three materials (two austenitic stainless steels and one aluminium alloy) between LH2 (20 K) and CcH2 (77 K) environments. Despite the limited data from the literature, it can be seen that both strength values are lower at higher temperature. Also included are the current Lloyd’s Register Material Rule requirement [18] for 304L and 316L at a temperature no lower than -165 °C. The aluminium alloy AA2219-T87 is not included in the current material rules of classification societies, as this grade has been primarily used for aerospace applications [5].


                                    (a)                                                                         (b)
Figure 12. Comparisons of the (a) proof strength and (b) ultimate tensile strength of austenitic stainless steel grades 304L, 316L and aluminium alloy AA2219 for LH2 (20 K) and CcH2 (77 K) environments together with the current Lloyd’s Register’s minimum rule requirements (for temperatures no lower than -165 °C).


4.2 Fatigue behaviour 
Fatigue tests in LH2 or CcH2 environments are typically performed using servo-hydraulic machines with cryostats (similar to a tensile test setup). The force control is based on a sinusoidal cyclic form. Similar to the cryogenic tensile test mentioned in Section 4.1, the load cyclic frequency is kept low in order to avoid excessive heating. The cryogenic fatigue test parameters used in literature tests are listed in Table 7 [110–113,117]. Table 8 summarises the fatigue properties of different metallic materials at cryogenic temperatures [110–113,117]. The S-N curves of 304L and 316L are shown in Figure 13 [110–113,117]. For the austenitic stainless steels 304L, as the temperature is decreased, the fatigue strength is decreased and the number of cycles to failure is significantly reduced especially in the long life regime [112,113]. 

Table 7. Cryogenic fatigue test parameters [110–113,117]
	Test machine
	Servo-hydraulic machine

	Cyclic load
	Sinusoidal wave form

	Frequency
	2 Hz – 15 Hz

	Ratio of minimum stress over maximum stress (R)
	0.01 – 0.1



Table 8. Fatigue properties of austenitic stainless steels in cryogenic hydrogen environments [110–113,117]
	Type 
	Condition
	Temperature (K)
	Cycles to failure
	Fatigue strength (MPa)

	304L 
	hot-rolled and solution-treated at 1323 K for 0.5 h
	20
	1,000,000
	358

	304L 
	N/A
	77
	10,000,000
	791

	316L 
	N/A
	77
	10,000,000
	487
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(a)                                                                         (b)
Figure 13. The S-N curves of (a) hot-rolled and solution treated 304L at 20 K (R=0.01); (b) 304L and 316L at 77 K (R=0.01) tested in 10 bar hydrogen environment [110–113,117].


4.3 Fracture toughness
Only limited data has been found in the literature for quantifying the fracture toughness of metallic materials in cryogenic hydrogen. Witzell [119] measured the static plane strain fracture toughness of AA2219-T87 according to the ASTM Standard E813 (replaced by ASTM E1820) in LH2 environment. Centre through cracked specimens were tested under tensile loadings. The specimens were pre-cracked under fatigue load at room temperature at gross stress levels below 20% of yield strength of the material [119]. The fracture toughness in the longitudinal direction (L-T) is 45 MPa√m and the value in the transverse direction (T-L) is 47 MPa√m. Although the author [119] remarked that the fracture toughness of AA2219-T87 was improved from 77 K to 4 K for L-T direction, there is lack of data to compare and illustrate the influence of LH2 on the fracture toughness properties. Micheler et al. [104,118] tested the cryogenic Charpy V-notch (CVN) tests of austenitic stainless steel (grade 316 or 316L), stainless steel welds and braze materials according to ISO 148 in liquid helium and liquid nitrogen. However, there is no CVN test data available of those materials in CcH2 or LH2 environment.

Notched tensile tests are often employed to evaluate the fracture toughness of sheet alloys [20]. The ratio of notched tensile strength over unnotched tensile strength has been used as a toughness index. The notched-to-unnotched tensile ratio of austenitic stainless steel grades 304L and 316L, iron-based super alloy A286 and aluminium alloy AA6061 obtained under the LH2 (20 K) condition are summarised in Table 9. The stress concentration factor, KT, is the ratio of the maximum stress at the root of the notch to the nominal stress [20]. It has been reported that in cryogenic temperatures (without H2), the ratio (KT = 6.3) of austenitic stainless steel grade 301 ranges from 0.4 to 1.1 and the ratio is 0.9 to 1.1 for stable grade 310, depending on the test condition [20]. However, the amount of data tested in LH2 is not sufficient to draw any definite trend/range in toughness. 

Table 9. Notched-to-unnotched tensile ratio obtained in LH2 (20 K) [8,9]
	Material type
	Specimen thickness (mm)
	KT
(Note 1)
	Notched-to-unnotched tensile ratio

	304L
	N/A
	N/A
	0.74

	316L
	N/A
	N/A
	1.04

	A286
	7.8
	3.5
	0.97

	
	7.8
	8.0
	0.90

	
	1.6
	7.2
	0.86

	AA6061
	10
	8.0
	0.99

	
	6.3
	8.0
	0.97

	
	2
	7.2
	0.94

	
	6.3
	13.0
	0.90

	
	
	3.5
	0.86

	
	
	21.0
	0.81

	Note 1: KT is the ratio of the maximum stress at the root of the notch to the nominal stress in the specimen [20]. 



5. Material related failure mechanisms of cryo-compressed and liquid hydrogen tanks
The main failure mechanisms related to metallic materials in CcH2 and LH2 environments are cryogenic temperature embrittlement and hydrogen embrittlement. The extent of each of these failure mechanisms is largely dependent on the chemical compositions and the microstructure of the material as discussed hereafter.

5.1 Effect of chemical compositions 
5.1.1 Cryogenic temperature embrittlement 
Metallic materials may feature a ductile to brittle transition from room temperature to cryogenic temperature (lower than 77 K). This transition often occurs in austenitic stainless steels and is closely related to the temperature and the chemical composition of the material [123]. Refs. [123–125] investigated the effect of material composition on the cryogenic temperature embrittlement of austenitic stainless steels. The effect of Ni and N are summarised in Table 10 since their proportions were found to have a significant effect on the cryogenic embrittlement of austenitic stainless steels. The fracture energy was obtained from CVN impact tests [22] and the elongation was determined from tensile tests [20,21].

Table 10. Effects of chemical compositions investigated in Refs [123–125]
	Chemical composition
	Influences on fracture energy and elongation
	References

	Nickel (Ni)
	[image: ]
	Mullner et al. [21] Tomota et al. [22] 


	Nitrogen (N)
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	Mullner et al. [21] 
Tomota et al. [22] 
Horiuchi & Reed [20] 




It can be seen in Table 10 that the addition of Ni increases the fracture energy and reduces the chance of brittle fracture failure [123–125]. Grades 316 and 316L with high proportion of Ni (Appendix Table A2) are good at maintaining ductility and toughness at cryogenic temperatures. Although N enhances the strength and hardness, as well as the local corrosion resistance at room temperature, of austenitic stainless steels [124], it promotes brittle fracture [123]. This is because N reduces the stacking fault energy, which shifts the onset of twining to low strain levels with low total dislocation density [123]. Consequently, 316LN and 304LN austenitic stainless steels should be used with caution for cryogenic tanks, as they have higher N contents compared to 304, 304L, 316 and 316L grades. The addition of Mn has similar effect as N. Austenitic stainless steels with 7% Mn and 18% Mn were reported to become brittle when the temperature was lower than 77 K [123]. High-Mn austenitic stainless steels (22% - 26% Mn), which are allowed in the IGF code and IGC code for LNG tank structures [69–71], should be avoided for LH2 tanks. In general, more data/tests are needed to confirm the abovementioned chemical composition effects on cryogenic embrittlement behaviour. 

There are few studies investigating the influence of chemical composition of aluminium alloys on the cryogenic temperature embrittlement. Xu et al. [111] stated that the increased proportion of Zr improves the tensile strength, fatigue strength and ductility at 77 K. Furthermore, the aluminium alloy with 0.16% Zr eliminates the temperature effects on the fatigue strength in high-stress cycles when compared to the aluminium alloy with 0.02% Zr [111]. However, the number of fatigue life cycles for aluminium alloys is significantly reduced with higher Zr content. Further investigations are necessary to understand the effect of Zr and/or other alloying elements.

5.1.2 Hydrogen embrittlement
The fracture toughness and/or ductility of metallic materials can be degraded due to the presence of atomic hydrogen, which is called hydrogen embrittlement [66]. The mechanism can be categorised as hydrogen environmental embrittlement, internal hydrogen embrittlement and hydrogen reaction embrittlement [66]. The hydrogen environment embrittlement is caused by the combination of applied stress and exposure to a hydrogen environment, where the crack is frequently initiated at a surface defect [66]. The hydrogen reaction embrittlement is caused by the diffused atomic hydrogen reacting with the composition of the metallic material at elevated temperature and pressure, which is commonly found in titanium and zirconium alloys [66]. The internal hydrogen embrittlement is caused by unintentional introduction of atomic hydrogen into metallic materials during forming or finishing operations, such as pickling, electroplating and cathodic charging, where the crack is commonly initiated at the root of an internal defect with localised stress [66]. Figure 14 illustrates the relationship between the hydrogen embrittlement influencing factors i.e. hydrogen environment, applied stress and material type. Controlling any one of these three factors, such as by appropriate material selection, reducing hydrogen gas pressure or reducing external applied stress, will narrow the overlapping area in the Venn diagram, and hence reduces the extent of hydrogen embrittlement failure. 
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Figure 14. Three influencing factors and associated hydrogen embrittlement mechanisms [66].

For CcH2 and LH2 tanks on ships, the most concerned embrittlement mechanism is considered to be hydrogen environment embrittlement since tank materials are exposed to the hydrogen environment and to both internal/external mechanical stresses. The hydrogen environment embrittlement can be measured by conducting a disc test at room temperature, where the specimen, which has the shape of a disc, is subjected to a constantly increasing hydrogen gas pressure until it bursts or cracks [127]. The codified disc test procedures at room temperature are set out in the ISO/TS 11114-4 [127] standard. However, there is no codified method for measuring the hydrogen environment embrittlement at cryogenic temperatures. High pressure GH2 directly increases the hydrogen environment embrittlement of metallic materials by increasing the atomic hydrogen per unit volume at a constant temperature [66]. The ductility of austenitic stainless steels can be significantly reduced in a high-pressure hydrogen environment, especially when the pressure is over 100 bar [66,128]. However, austenitic stainless steels with high Cr and Ni proportions, such as Type 316L steels, have a higher resistance against high-pressure hydrogen embrittlement [129]. Furthermore, Michler et al. [129] reported that aluminium alloys are not affected by a dry high-pressure GH2 environment. 

Most metallic materials will be embrittled by hydrogen at a certain cryogenic temperature range [22,66,107,112]. Specifically, austenitic stainless steels, being the most commonly used materials for cryogenic hydrogen tanks, are affected within the temperature range between 123.15 K (-150 ºC) and 173.15 K (-100 ºC) [22,66,107]. Below 123.15 K, there is negligible hydrogen embrittlement of austenitic stainless steels [22,66,107]. Lee [66] summarised the hydrogen environment embrittlement index of types 304L, 304N, 316 and 310 austenitic stainless steels, as shown in Figure 15. The index is the ratio of plastic elongation in hydrogen against that in air. It is found that the plastic elongation of types 304L and 304N austenitic stainless steels in hydrogen environment is only 20% of their plastic elongation in air environment when the specimens are at the maximum hydrogen environment embrittlement temperature, defined as the temperature at which the effect of hydrogen environment embrittlement is maximum. This implies significant embrittlement in these steels. In comparison, Type 310 austenitic stainless steel is not severely affected by hydrogen embrittlement in the same temperature range, with 10% reduction in elongation due to hydrogen. In addition to good performance in cryogenic temperature embrittlement due to high Ni content, the type 316 austenitic stainless steel also possesses relatively good resistance to hydrogen embrittlement, showing 70% of the air elongation retained in hydrogen environment. Indeed, Zhang et al. [107] and Ilola et al. [125] stated that increased nickel equivalent (Nieq) in austenitic stainless steels eliminates the hydrogen environment embrittlement, as shown in Figure 16. This conclusion was obtained by testing 11 types of 316 austenitic stainless steels (Nieq from 24.20% to 34.33%) at temperatures ranging from 77 K to 300 K at 10 bar. Tested within the range of 123.15 K to 173.15 K, the 316 grade with Nieq of 27.17% to 34.33% (as listed in Appendix Table A2) are not influenced by hydrogen environment embrittlement. Additionally, Hwang et al. [130] stated that using a polytetrafluoroethylene (PTFE) coating further enhances the hydrogen embrittlement resistance of austenitic stainless steels for LH2 tanks.
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Figure 15. Hydrogen environment embrittlement index of types 304L, 304N, 316 and 310 austenitic stainless steels in 10 bar hydrogen environment [66].
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Figure 16. The effect of nickel equivalent on the elongation of austenitic stainless steel 316 from tensile tests [107,125].


5.2 At the microstructural level
5.2.1 Cryogenic temperature embrittlement 
The ductile to brittle transition of austenitic stainless steels is due to the cleavage-like intergranular fracture and brittle transgranular fracture at cryogenic temperatures [124,125]. Flat facets containing linear traces were found at the fracture surface of these steels with small deformations, which is shown in Figure 17 [123–125,131].
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Figure 17. Flat facets contains linear traces at the cryogenic embrittled fracture surface [124].

For aluminium alloys at cryogenic temperatures, Xu et al. [111] remarked that the fracture morphology of aluminium alloys with 0.16% Zr was not significantly influenced by the decreased temperature. Higher Zr in the composition will change the fatigue failure mode from intergranular to transgranular fracture at 77 K [111]. Low temperature strengthens the interior of the grains while inducing localised failure at grain boundaries [116]. Large amount of secondary deep cracks were observed at fracture surfaces with minor variation in dimple size/morphology depending on the extent of cold work/stretch experienced by the specimen. Rod shaped Al7CuFe2 particles and spherical shaped Al2Cu particles were visible in the voids located at either small constituent particles or locally deformed areas. 

5.2.2 Hydrogen embrittlement
Environment embrittlement on a hydrogen-free material is caused by hydrogen molecules adsorbing on the surface and decomposing into atomic hydrogen. The atomic hydrogen can subsequently migrate across the surface and diffuse into the material when undergoing mechanical deformation [101,107]. The metal failure is determined by the hydrogen transportation and accumulation in the triaxial tensile field ahead of a crack tip. The transportation of hydrogen to the crack tip is governed by the microstructure and temperature [109]. In meta-stable/unstable austenitic stainless steels (Types 301, 304 and 316), the hydrogen embrittlement is commonly found along with the strain-induced martensite [101,106,107,109]. Scanning electron microscopy revealed transgranular cracks along the martensite laths and flat facets due to twin-boundary separation in the fracture surfaces of type 316 (Nieq 24.20%) and type 304L austenitic stainless steels fractured in hydrogen [101,107,109]. An example of the transgranular fracture is shown in Figure 18(a). Dimple rupture was also observed in type 316 austenitic stainless steels as shown in Figure 18(b). This is due to the much higher diffusion coefficient of hydrogen in bcc martensite compared to that for fcc austenite, which provides a rapid hydrogen transportation path into the material [109]. The flat facets on type 304L austenitic stainless steel’s fracture surface are smaller than those on type 316 (Nieq 24.20%) austenitic stainless steel’s fracture surface. This is corresponding to the higher ultimate tensile strength of type 304L austenitic stainless steels in hydrogen environment, which are shown in Figure 11. Another key condition to trigger hydrogen environment embrittlement is having a continuous or net-like martensite within the metal matrix for transporting hydrogen [106,107]. Zhang et al. [107] found that increased nickel content stabilises the austenite and limits the martensite to form discretely in the matrix during mechanical deformation. This effect is increased markedly when the nickel equivalent is above 27%. Therefore, the resistance to hydrogen environment embrittlement is improved with increasing nickel equivalent in iron-chromium-nickel alloys [107]. 

(b)
(a)


Figure 18. SEM of fracture surfaces of (a) the type 316 (Nieq 26.45%) austenitic stainless steel with transgranular cracks and (b) the type 316 (Nieq 28.29%) austenitic stainless steel with dimple rupture (both were tested in 10 bar hydrogen at 200 K) [107].

Zhang et al. [107] also found that the relative reduction of area of the type 316 austenitic stainless steels, which is the ratio of reduction of area in hydrogen over the reduction of area in helium, decreases with decreasing temperature until 200 K and then increases with further decrease in temperature. When the temperature is decreased, it is observed that the speed of generating strain-induced martensite is accelerated until the maximum hydrogen environment embrittlement temperature is reached [107]. When the temperature is lower than the maximum hydrogen environment embrittlement temperature, the amount of strain-induced martensitic transformation remains nearly constant. In addition, the hydrogen transport rate is decreased with decreasing temperature, hence making it difficult for hydrogen to accumulate in the high triaxial stress region. Therefore, the hydrogen environment embrittlement is decreased [107], as reflected in Figure 14.

Sensitised materials are easier to be influenced by the hydrogen environment embrittlement than solution annealed materials. In the sensitised types 304 and 316 austenitic stainless steels, M23C6 carbides precipitated along the grain boundaries, while the region adjacent to the carbides forms a zone depleted of Cr and C [109]. This depleted zone along the grain boundaries prompts the transformation of strain-induced martensite since austenite in this zone becomes unstable due the loss of Cr and C [101]. This process induces a short path of hydrogen transportation to the crack tip. Thus the formation of intergranular fracture is triggered [109]. Han et al. [109] investigated the influence of desensitising heat treatment on sensitised types 304 and 316 austenitic stainless steels. They found that the desensitisation eliminates the depleted zone and strain-induced martensite along the grain boundaries. The resistance to hydrogen environment embrittlement is significantly improved due to this process. For stable austenitic stainless steels such as type 310 and 309, there is no transformation of the strain-induced martensite observed in the mechanical test in hydrogen [103,109]. This is primarily due to the low stacking fault energy which inhibits cross slips [107]. However, embrittlement could occur when the materials are hydrogen charged through cathodic or thermal processes [107].

5.3 Other effects
The maximum internal and external stresses experienced in the tank structure/wall should be reduced. Lee [66] stated that static loads are more conducive to hydrogen damage than cyclic loads. In addition, internal residual stresses also prompt hydrogen damage, which are caused during the manufacturing processes of metallic materials and tank structure including material heat treatment, straightening and stretching and structure welding [66]. The heat affected zones are particularly susceptible to hydrogen embrittlement. Tests on type 301 stainless steels and Inconel 718 showed that crack growth in LH2 is much greater in the welds than in the parent metal [63]. Relevant welding requirements include ASME BPVC and ANSI/ASME B31.3.

6. Knowledge gaps
The review conducted into the use of metallic tanks for hydrogen storage has highlighted a number of areas where further research is required to obtain a better understanding of the performance of metallic materials in cryogenic hydrogen environments. The identified knowledge gaps are grouped into five key areas and are presented hereafter:

(1) The focus of the current literature studies has predominantly been on hydrogen storage techniques for land-based vehicles and aviation applications, which typically have small hydrogen tank sizes that range from 0.1 to 20 m3. However, it is not clear whether the small-scale test/modelling results can be extrapolated to large-scale applications. Hence, experimental and numerical modelling studies investigating the material behaviour of metallic cylinders representative of larger-scale applications are required.
(2) The GH2, CcH2 and LH2 storage tanks have been tested and validated for automotive applications [8,27,33,55,57,132–134]. However, there is lack of detailed technical information and performance data from the current hydrogen powered ships (Table 1). Furthermore, rules and standards are not available for such applications in the marine sector. 
(3) The existing studies, though limited, have mainly investigated the mechanical properties of metallic materials at cryogenic temperatures and hydrogen environment. However, there is lack of data/understanding about the fracture behaviour in cryogenic hydrogen environments and fatigue performance due to thermal cycling for metallic materials. 
(4) There is limited data on hydrogen tank insulation, in particular their failure mechanisms and mitigation strategies [91,92]. 
(5) The majority of the existing investigations on the effect of chemical compositions and microstructure on hydrogen/cryogenic embrittlement is focused on austenitic stainless steels, and only a few studies have been undertaken for aluminium alloys. 

Regulation has been sub-characterised into law, social norms, markets and architecture (ecosystem) [135]. The long-term aim of a convention in the field must for the time being give way to shorter-term aims of developing available routes to approval through classification societies and flag states, and by supporting markets and ecosystems. The absence of regulation is unsurprising as regulation follows and is informed by existing or imminent, not future technology. The premature regulation of technology under development and untested technology would paradoxically risk holding back alternative research [136]. While a normative gap permits experimentation with alternative technologies, it also makes obtaining approval uncertain, may encourage risky approvals in the names of innovation and competition and risks discouraging investment [136]. As Abbott [137] has argued, the use of non-state actors – such as classification societies – are not a panacea due to difficulties in maintaining public trust in the regulation of risk. Here, the trust to maintain is primarily that of flag states and the shipping industry in the classification and the flag; but in view of the risk of an incident with safety or environmental consequences also that of the wider public. Yet as Abbot argues [137], the involvement of non-state actors is important so as not to hamper technological development. As technological capability in relation to hydrogen develops, the framework must also develop. Where new technologies are concerned, “inaction is a decision” [136]. 

7. Conclusions
The marine industry is committed to reduce the levels of GHG, SOx and NOx emissions. Although there are several short-term/intermediate solutions used to reduce these emissions, long-terms solutions such as using hydrogen as fuel remain under development. This review summarised the success and challenges in storing hydrogen on ships and focused on CcH2 (below 77 K) and LH2 (at 20 K) due to their high volumetric energy density and low thermal expansion coefficients. The performances of metallic materials and insulations associated with the CcH2 and LH2 tank constructions were reviewed. The main conclusions from this review are summarised as follows:
· The main failure mechanisms of metallic material storage tanks are the cryogenic temperature embrittlement and the hydrogen environment embrittlement; 
· Austenitic stainless steels, such as types 304L, 310 and 316, are less susceptible to cryogenic hydrogen failure mechanisms when the temperature is below 200 K or beyond 220 K. When the nickel equivalent is above 27%, the mechanical properties of the materials are not influence by the presence of hydrogen, regardless of the temperature range; 
· Austenitic stainless steels types 316 and 316L are better suited for storage tank constructions since they have relatively higher proportion of chromium and nickel content, which improves the ductility and the fracture toughness at cryogenic temperatures and reduces the hydrogen embrittlement failure;
· Increased manganese and nitrogen contents in austenitic stainless steels were found to enhance the brittle fracture behaviour at low temperatures and increase the ductile-to-brittle transition temperature;
· Unstable and sensitised austenitic stainless steels, e.g. 304s, were found to be prone to hydrogen embrittlement failure due to the formation of strain-induced martensite, which could lead to transgranular or intergranular fractures. In comparison, stable austenitic stainless steels, e.g. 310, do not show such martensitic transformation; 
· Aluminium alloys, such as AA2090, are often used as the liner material for Type III CcH2 storage tanks due to their high proportion of zirconium which improves the ultimate tensile strength, fatigue strength and ductility of the material at 77 K temperature;
· Amongst the current hydrogen storage tank insulation methods, the variable density multilayer insulation with vapour-cooled shield (VDMLI+VCS) has the best performance. 
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Appendix

Table A1. Thermal conductivity and expansion coefficient of austenitic steels and aluminium alloys at cryogenic temperatures [93–97]
	Material type
	Temperature [K]
	Thermal conductivity [W/m/K]
	Thermal expansion coefficient [K-1·10-6]

	Austenitic stainless steels

	304
	4
	0.28
	10.20

	
	77
	7.90
	13.00

	304s (stabilised)
	4
	0.27
	10.28

	
	20
	2.17
	10.99

	
	77
	7.92
	12.95

	310
	4
	0.24
	10.20

	
	77
	5.90
	13.00

	316
	4
	0.28
	10.20

	
	77
	7.90
	13.00

	High-Mn (29% Mn)
	77
	19.00
	N/A

	Aluminium alloys

	1050
	1
	19.10
	N/A

	2219-T81
	1
	0.96
	N/A

	
	20
	19.00
	N/A

	
	77
	62.20
	N/A

	6061-T6
	1
	2.52
	N/A

	
	4
	5.35
	14.32

	
	20
	28.43
	15.22

	
	77
	83.53
	18.00





Table A2. Chemical composition (wt %) of austenitic stainless steels and aluminium alloys for CcH2 and LH2 storage [69,98,108–113,100–107]
	Materials
	Chemical composition [wt %]

	
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Mo
	Mg
	Ti

	Zr
	Cu
	Li
	N
	Fe(1)
	Al(1)

	Austenitic stainless steel

	316LN
	0.020
	0.43
	1.38
	0.030
	<0.003
	17.00
	13.2
	2.63
	-
	-
	-
	-
	-
	0.16
	bal
	-

	316L
	0.017
	0.53
	0.85
	0.024
	0.0006
	17.44
	12.19
	2.09
	-
	-
	-
	0.21
	-
	0.051
	bal
	-

	316Ti
	0.031
	0.46
	1.30
	-
	-
	16.62
	11.08
	2.135
	-
	0.3
	-
	-
	-
	0.014
	bal
	-

	316 (Nieq 24.20%)
	0.010
	0.50
	0.90
	0.025
	0.001
	17.00
	9.88
	2.07
	-
	-
	-
	0.25
	-
	-
	bal
	-

	316 (Nieq 25.24%)
	0.010
	0.50
	0.90
	0.027
	0.001
	16.90
	10.97
	2.08
	-
	-
	-
	0.25
	-
	-
	bal
	-

	316 (Nieq 26.45%)
	0.010
	0.48
	0.91
	0.025
	0.001
	17.00
	12.11
	2.08
	-
	-
	-
	0.26
	-
	-
	bal
	-

	316 (Nieq 27.17%)
	0.010
	0.50
	0.89
	0.025
	0.001
	16.96
	12.90
	2.05
	-
	-
	-
	0.26
	-
	-
	bal
	-

	316 (Nieq 28.29%)
	0.013
	0.47
	0.91
	0.025
	0.001
	17.11
	13.90
	2.03
	-
	-
	-
	0.26
	-
	-
	bal
	-

	316 (Nieq 29.18%)
	0.009
	0.49
	0.90
	0.026
	0.001
	16.98
	14.88
	2.07
	-
	-
	-
	0.25
	-
	-
	bal
	-

	316 (Nieq 30.27%)
	0.010
	0.51
	0.90
	0.026
	0.001
	17.07
	15.90
	2.06
	-
	-
	-
	0.27
	-
	-
	bal
	-

	316 (Nieq 31.31%)
	0.010
	0.52
	0.90
	0.027
	0.001
	17.05
	16.96
	2.06
	-
	-
	-
	0.27
	-
	-
	bal
	-

	316 (Nieq 32.42%)
	0.010
	0.52
	0.90
	0.026
	0.001
	16.96
	18.07
	2.12
	-
	-
	-
	0.27
	-
	-
	bal
	-

	316 (Nieq 33.41%)
	0.011
	0.52
	0.91
	0.026
	0.001
	17.08
	18.98
	2.10
	-
	
	-
	0.27
	-
	-
	bal
	-

	316 (Nieq 34.33%)
	0.009
	0.52
	0.92
	0.026
	0.001
	17.08
	19.93
	2.08
	-
	-
	-
	0.27
	-
	-
	bal
	-

	310s
	0.018
	0.67
	1.77
	0.022
	0.001
	25.37
	19.37
	0.4
	-
	-
	-
	0.17
	-
	-
	bal
	-

	304LN
	0.020
	0.40
	1.45
	0.024
	<0.003
	17.1
	9.6
	0.34
	-
	-
	-
	-
	-
	0.16
	bal
	-

	304L
	0.017
	0.56
	0.87
	0.031
	0.0021
	18.33
	9.05
	0.17
	-
	-
	-
	0.24
	-
	0.041
	bal
	-

	304
	0.060
	0.59
	1.01
	0.018
	0.009
	18.33
	8.35
	-
	-
	-
	-
	-
	-
	-
	bal
	-

	High-Mn
	0.2-0.6
	0.1-1.0
	22.0-26.0
	<0.03
	<0.01
	0-20.0
	28.0-48.0
	-
	-
	-
	-
	-
	-
	0-0.15
	bal
	-

	Aluminium alloy

	AA2090
	-
	<0.05
	-
	-
	-
	-
	-
	-
	0.22-0.23
	-
	0.02-0.17
	2.40-3.00
	1.88-2.60
	-
	0.05-0.12
	bal

	AA2090-T81
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	0.12
	3.05
	2.16
	-
	0.08
	bal


(1) bal: balance









Table A3. Tensile properties of different metallic materials (smooth and notched) in LH2 (20 K and 1 bar) [100,101,116–122,102,103,105–107,109,113,115]
	Material Type
	Condition 
	Notched specimen (Y/N)
	Proof strength fp0.2 or yield strength fy [MPa]
	Ultimate strength fu [MPa]
	Elongation at fracture εf [%]
	Reduction of area at fracture Af [%]

	Austenitic stainless steel

	304L 

	Solution annealed
	N
	510
	1705
	36
	43

	
	N/A
	Y
	500
	1315
	20
	–

	304LN 
	Solution annealed
	N
	792
	1877
	37
	27

	316L
	N/A
	N
	–
	1591
	–
	–

	
	N/A
	Y
	–
	1654
	21.8
	–

	316LN 
	Solution annealed
	N
	941
	1640
	53
	47

	Iron-based super alloy (stainless steel)

	A286 
	N/A
	N
	684
	1242
	56
	–

	
	Solution treated, cold reduced and aged
	N
	1329
	1730
	14
	–

	
	Solution treated, cold reduced and aged
	Y
	–
	1648
	–
	–

	
	Solution treated and aged
	Y
	–
	1393
	–
	–

	Aluminium alloy

	AA2195 
	3% cold roll and 4% stretch
	N
	660
	740
	10
	–

	
	5% cold roll and 2% stretch
	N
	675
	740
	11
	–

	AA2219
	N/A
	Y
	–
	462 – 627
	–
	–

	AA2219-T87 
	Cold stretched and aged
	N
	482.8 – 506
	655.9 – 684
	–
	–

	AA6061
	N/A
	Y
	–
	379
	–
	–

	
	N/A
	N
	–
	392
	51.2
	–

	AA6061-T6
	N/A
	N
	374
	503
	25.7
	–














Table A4. Tensile properties of different metallic materials (unnotched) in CcH2 hydrogen environment at 77 K [100,101,116–122,102,103,105–107,109,113,115]
	Material Type
	Condition 
	Pressure of hydrogen (bar)
	Proof strength fp0.2 or yield strength fy [MPa]
	Ultimate strength (MPa)
	Elongation at fracture (%)
	Reduction of area at fracture (%)

	Austenitic stainless steel

	304 
	Solution annealed at 1373 K for 3.6 ks and sensitised at 973 K for 86.4 ks
	N/A
	427
	1383
	49
	–

	
	Solution annealed
	10
	570
	1337
	32
	–

	
	Solution annealed and sensitised
	10
	470
	1306
	58
	–

	304L
	Hot-rolled and solution-treated at 1313 K for 0.3 ks
	11
	350
	1557
	40
	65.7

	310s
	Cold-rolled and solution annealed
	10
	534
	1812
	–
	–

	316L 
	Hot-rolled and solution-treated
	N/A
	403
	1300
	54.9
	71.8

	316 (Nieq 24.20%)
	N/A
	N/A
	389
	1335
	40
	–

	316 (Nieq 25.24%)
	N/A
	N/A
	346
	1239
	51
	–

	316 (Nieq 26.45%)
	N/A
	N/A
	423
	1142
	54
	–

	Aluminium alloy

	AA2219-T87 
	Cold stretched and aged
	N/A
	454.5 – 460
	575 – 584.8
	14
	–
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