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ABSTRACT 

 

 Hydrogen storage is one of the divisions of hydrogen powered vehicles 

technology. To increase performances of high pressure hydrogen storage tanks, a 

multilayered design is proposed featuring the dynamic wall capable of absorbing 

hydrogen. Modeling and parametric study have been done to extract information on 

required mechanical and physical properties of the wall. Parameters and system 

constraints have been defined, relations are found and discussed.  
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CHAPTER I 

INTRODUCTION 

 

Depleting oil reserves in many areas of the world forces the development of the 

fuel cell technology. This technology is depending on the hydrogen element. With 

ongoing improvements in hydrogen production through thermal, electrochemical and 

biological processes [1], other relevant issues have to be addressed as well. These are 

high storage capacity, good thermodynamics, fast kinetics, effective heat transfer, high 

gravimetric and volumetric densities, long lifetime cycles in adsorption and desorption, 

high mechanical strength and durability, safety under normal use and acceptable risk 

under extreme conditions [2]. The storage of hydrogen among these can be considered as 

the crucial step for fuel cell applications.   

Hydrogen is the lightest element in the world with a density of 0.08988 kg/m3 at 

room conditions, where it assumes gas phase. The liquefaction and solidification 

temperatures are 20 K and 14 K respectively at atmospheric pressure. The maximum 

boiling point can not exceed 33 K under a pressure of 1.3 MPa. Higher pressures stay 

ineffective in increasing this temperature [3]. It is the most abundant element in the 

nature but present only in compounds mostly in water (H20). As the smallest element, 

hydrogen has the highest energy density which is 120 MJ/kg [3] since it has the highest 

ratio of electrons to overall particles. This energy density is approximately three times the 

energy density of gasoline (44.5 MJ/kg) and diesel (42.5 MJ/kg) [3]. Also compared to 

other forms of energy as mechanical energy, chemical energy (gasoline), electric or 

magnetic fields and nuclear fuels [4], hydrogen has the advantage being most 

environmental friendly, having unlimited resources and making it possible, the fuel cell 

technology to achieve high efficiencies. 5 kg of hydrogen provides a range of 640 km in a 

fuel cell driven vehicle [5]. Also hydrogen remains nontoxic if it reacts with oxygen, but 

not with the air. The reaction with air results in toxic nitrogen oxides. 

Whether to use hydrogen in an internal combustion engine or in a fuel cell affects 

the efficiency. Carnot efficiency of burning hydrogen with oxygen in the conventional 
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internal combustion engine can reach 25 %, whereas the fuel cell can provide 50 to 60 % 

Carnot efficiencies through electrochemical reactions [4].  

Significant amount of research has been done on the storage of hydrogen. Though 

all these researches resulted in improvements or opened up new areas of study in storage 

techniques, they could not reach the targets to establish a hydrogen based economy. 

There are various ways to store hydrogen and researches continue on all of these areas.  

The main targets set for 2010 vehicular fuel cell applications are hydrogen 

capacity of 5 kg in a midsize car, total tank weight not exceeding 83 kg, total volume of 

111 l, gravimetric density of 6 weight (wt) %, volumetric density of 45 g H2/m3, refueling 

rates of 1.5 kg/min, a cost of 4 $/kWh, a lifecycle of 1000, survivability between -30 C° 

and 85 C° and factor of safety of 2.25 [1, 6-8]. These are tabulated below together with 

targets set for 2015 (table 1.1). 

Three main techniques exist to store hydrogen: 

1- Compressed Gas Storage 

2- Liquid Hydrogen Storage 

3- Storage in Hydrides 

Table 1.1 Targets of Hydrogen Storage [7,8] 
  2010 2015 

Gravimetric Density (wt%) 6 9 

Volumetric Density (g/l) 45 81 

Refueling Rate (kg/min) 1.5 2 

System Cost ($/kWh) 4 2 

System Mass (kg) 83.0 55.6 

System Volume(l) 111 62 

Cycle Life  1000 1500 

Min Operating Temperature (C°) -30 -40 

Max Operating Temperature (C°) 85 85 

Other than these, experiments in nanoscale have been performed to put hydrogen 

in carbon atom configurations to take advantage of different material structures [51-59].  
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CHAPTER II 

MAIN STORAGE TECHNIQUES 

 

2.1 Compressed Gaseous Hydrogen 

To store gaseous hydrogen under high pressure is an already used common 

technique. High pressure tanks for hydrogen storage are already available in the market, 

which can be pressurized up to 30 MPa [4]. These are usually made of steel and their 

capacities are not big enough for fuel cell applications. It is reported that a tank of 320 l is 

needed to store 5 kg of hydrogen at around 25 MPa [5]. To make them applicable to 

vehicular storage, their pressures have to be increased greatly which results in increases 

in both the tank weight and the material cost. Even the use of lightweight materials such 

as carbon-fiber reinforced compounds or stainless steel can not reduce the thickness to 

desired values [2]. Wall materials usually used are steel alloys (Yield Strength (Sysingle) 

703 MPa and density (ρ)= 7860 kg/m3), titanium alloys (Sysingle= 924 MPa and ρ= 4430 

kg/m3) and carbon composite (Sysingle= 2070 MPa and ρ= 1900 kg/m3) [9, 10]. Among 

these, stainless steel has been used mostly for pressure vessels. High tensile strength, low 

density and nonreactivity with hydrogen along with low diffusivity are the main, desired 

properties for hydrogen storage tanks. 

Tensile strength presents a limitation to the maximum allowable pressure in the 

tank. The consequence of this situation is the limitation of the volumetric density.  Here, 

the volumetric density is defined as the mass amount of hydrogen to the cylinder volume. 

Given a certain volume of a tank, the pressure puts a limit to the mass of hydrogen. 

Hence, the volumetric density can not be bigger than a certain value. On the other hand, 

the inverse relation is present between the pressure and the gravimetric density. 

Gravimetric density is the ratio of hydrogen mass to the tank mass and expressed as 

hydrogen mass percentage. Therefore, it is high at low pressures and has a maximum at 

vacuum [11], since low pressures would not necessitate thick and heavy walls. This 

presents an optimization problem where both densities have to be adjusted for maximum 

hydrogen storage performances. 
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It should be noted that yield strength and density are not the only important 

properties in selecting a wall material. There are also effects arising from cycling 

loadings. Aging and fatigue are some of these problems. These problems are arising from 

hydrogen’s capability of being able to escape through many elements and compounds. 

Hydrogen as the smallest element has a very high permeability rate through many 

materials. For example, carbon composites have high yield stresses and low densities, but 

they do not offer any solution to hydrogen leakage which ends up in capacity reduction 

during operation. Therefore hydrogen barrier coatings such as liners are required for 

carbon composites to stop the hydrogen escape to keep the usable hydrogen capacity at 

hand. Other main tasks of the liners are to have low permeability of hydrogen, close 

stiffness to other wall elements to prevent cracking and low costs and weights [12]. 

Liners are usually compounds such as aluminum and copper alloys or polymers like 

cross-linked polyethylene covered with graphite fiber epoxy layer [11, 12, 13].  

 

2.1.1 Hydrogen Embrittlement 

The hydrogen permeation leads also to another problem with hydrogen storage 

vessels. Hydrogen migration into the metal can cause reactions within the structure and 

result in the phenomenon called the hydrogen embrittlement. Hydrogen embrittlement is 

an event, which occurs from long exposures to hydrogen. It leads to hardening of 

materials and serious reduction in ductility and then results in cracking and failures well 

below the normal yield stresses [1, 14]. Deeper investigations on the hydrogen 

embrittlement revealed that cracking is driven by the tensile residual stresses near the 

outside diameter of the pressure vessel. These researches also assured that hydrogen is 

responsible for crack growing, but the final failures are due to mechanical effects of 

pressures creating stresses following plane strain condition [15]. The covering of the 

inner side of the tank wall with polymers can help to prevent hydrogen embrittlement 

since it will not let the hydrogen through. Development of hydrogen permeation resistant 

alloys has also been an interesting subject to suggest novel wall materials. Researches on 

this area have come up with alloys with low hydrogen permeation levels. These can 
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include various metals. One example is an alloy consisting of iron (37 %), nickel (32 %), 

cobalt (15 %), chromium (10 %), niobium (3 %) and titanium (2.5 %) together with 

aluminum and carbon contents less than 1 % [16]. Here, the high number of materials 

leads to the observation that significant costs have to be expected for manufacturing. The 

main advantage of such alloys is that they provide both low hydrogen leakage and high 

strength. The above alloy is reported to have yield strengths reaching 970 MPa. 

Hydrogen permeation level can be adjusted by processing the alloy with different heat 

treatment operations. However, as the resistance to hydrogen permeation increases, the 

ductility of the material increases as well, accompanied by the strength reduction [16]. 

Further hydrogen diffusion barriers are also being developed. A recent research 

proposed a barrier design with three polymer layers as a porous cathode, a dense 

electrolyte and an anode ordered from inside to outside. According to this design a main 

barrier exists as the mid-layer which is proton conductive. In this sense, leaked hydrogen 

will be caught at the anode and decomposed into hydrogen ion and electron. Electrons are 

transferred to the inner cathode layer where H2 is produced from H+ ions and that way 

hydrogen is kept in [12]. Also, catalyst particles are found to be necessary to reduce the 

free energy of these hydrogen oxidation and reduction reactions at the electrolyte 

interfaces. The layers can be produced with polymerization and dip coating or spraying of 

monomers. Results showed that the device had a very small current indicating that 

hydrogen permeation significantly diminishes. The efficiency of the device is further 

improved by applying a bias to the voltage [12].  

Another issue in vehicular hydrogen storage is the shape of the tank. Recent 

gasoline tanks have the form close to a cylinder, so cylindrical designs for hydrogen 

storage are predictable. However, the ideal structure for a given amount of material is to 

construct conformal tanks. The conformal shape theory is discussed elsewhere [17]. It is 

reported that these tanks have 20 % bigger volumetric capacities than of cylindrical tanks 

with the same amount of material and can utilize more than 80 % of its envelope volume 

[13]. However cylindrical shapes have always been found more appropriate for 

applications due to manufacturing ease. 
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2.1.2 Research Progress 

Currently available hydrogen storage vessels can have pressures up to 70 MPa 

[18]. An energy density of 4.4 MJ/l is available at this pressure [2]. As higher pressures 

are achieved the energy needed to compress hydrogen increases too. This energy 

proportion reaches 18 % of the total energy stored in the tank even at 20 MPa which may 

be considered as a big reduction in the effective energy storage [19]. Pressure tanks have 

also types to operate at 35 MPa which consist of three layers [18]. According to the 

design, the inner and middle layers act as hydrogen permeation barrier and structural 

barrier respectively. The gas permeation barrier is made of high molecular weight 

polymer liner in order to prevent leakages whereas the middle one is carbon composite to 

provide sufficient strength. However a third wall is required as a damage protector 

against collisions. This impact resistant wall is supported with a foam dome around it. As 

the design illustrates additional shells are necessary to relieve safety concerns. Also for 

vehicular applications, the whole compressed hydrogen storage system consists of two 

tanks in cylindrical form, where one is approximately two times bigger than the other 

[18]. Having two joint tanks in one storage system can be considered as the result of 

optimizations to fully utilize available spaces in the vehicle. The design states that 90 % 

of the storage system’s cost is due to materials (carbon fiber and stainless steel) and also 

that the hydrogen storage corresponds to the biggest cost factor in the whole fuel cell 

system [18].  

There is also another technology which promises 300 mile driving range under 35 

MPa and 70 MPa operating pressures [6]. The system consists of three semi-conformal 

tanks put side by side. Regarding the safety conditions, a urethane foam shell is added on 

top of the outer wall. Under that, a carbon fiber layer makes the outer wall to be the main 

structure of the tank. In addition to that a thermoplastic liner is present at the carbon 

composite to keep it safe from hydrogen permeations. This liner is made of high density 

polyethylene and researches on the material showed that surface treatment on the liner 

materials results in 80-90 % more reduction in hydrogen permeation compared to the 

untreated polyethylene. The design features a unitary gas control module combining one 
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service valve, one solenoid and one pressure relief device. Combining all these devices is 

found to reduce the costs. Also, with the introduced outer shell that is not stressed and the 

impact foam, the factor of safety as 2.25 determined by international standards is not 

considered to be fully necessary [6].  

At last but not at least, the prediction of the tank safety is an important aspect as 

well. Currently produced hydrogen tanks are classified as Type IV tanks by the federal 

and international standards. These tanks must have a safety factor of 2.25 [6]. Margin of 

safety of a pressure vessel are determined with stress-strength models. In this sense 

statistical properties of materials and loadings can also be used in order to get expressions 

for the safety margin [20]. Designs can be proposed suggesting ways to reduce the factor 

of safety. 

The compressed gas storage option can be considered as a promising technique 

for hydrogen storage if some drawbacks are achieved. These are low densities (3 wt % 

gravimetric, 35 g/l volumetric [23,24]), high operating pressures, hydrogen 

embrittlement, necessity for strict pressure controls and safety in densely populated areas. 

Therefore, progresses in significantly increasing the hydrogen density and decreasing 

operating pressures inside the tank or finding other ways to provide safety will turn into 

big milestones in compressed hydrogen gas storage.  

 

2.2 Liquid Hydrogen Storage 

 At normal conditions, hydrogen is in gas form. At the atmospheric pressure 

hydrogen can get into the liquid state under 20.4 K, which is below the critical point 

temperature (33 K, 1.29 MPa) [3]. This temperature is in the region of cryogenic 

temperatures which is defined as the range below 123 K (-150 C°) [21]. To store 

hydrogen in liquid form has the advantage that the volumetric density is much higher 

than in gas form to give better storage capacities and the tank pressure does not need to 

be high, so the total mass is much lower. Also this technique can benefit from 

improvements in compressed gas storage tanks in the way that it can adopt the novel wall 

materials and pressure control advances, since these two aspects are excessively as 
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important for liquid hydrogen storage. Liquid hydrogen storage tanks are usually thin-

wall pressure vessels [13]. Some designs have been proposed where hydrogen pressure 

vessels with a few adjustments can be adapted to liquid hydrogen storage technique [22]. 

Like in the pressure vessels, maximum useful volume is reached in tanks with cylindrical 

shape. The only concern here is the fitting of the tank into the available space inside the 

vehicle. 

 Operational pressures for liquid storage of hydrogen range from 0.1 MPa to 0.35 

MPa [23]. Even at these pressures the energy density is much higher than compressed gas 

tanks. Compared to the 4.4 MJ/l capacity of compressed gas, liquid hydrogen is able to 

contain 8.4 MJ/l energy [2]. On the other hand, they have to go through heating 

processes, since hydrogen has to be fed at high temperatures into the fuel cells in 

vehicular applications. Still high capacities make it desired to gaseous storage. One proof 

on higher densities is the hydrogen transporting trailers. It is illustrated that trailers 

equipped with liquid hydrogen storage tanks are capable of carrying six times more 

hydrogen than those with compressed gas tanks [23, 24].   

  

2.2.1 Hydrogen Boil-off and Insulation 

The main problem in liquid hydrogen storage is the hydrogen boil-off, which can 

lead to hydrogen consumption without any engine operation. Boil-off refers to the 

phenomena that some portion of the liquid boils under heat exchange and becomes 

gaseous, which can escape by permeating. It is a function of thermal insulation, tank size, 

tank shape and molecular states ratio (ortho-para ratio) of hydrogen with thermal 

insulation being the most effective parameter among these [11, 25]. In currently used 

insulated pressure vessels, evaporation rates of hydrogen can reach 2 to 3 vol. % per day. 

The first evaporations are usually observed after 3-4 days in passenger cars under parking 

[25]. Tanks have to include efficient boil-off minimizing systems in order to reduce it 

[26]. Otherwise evaporative losses will occur at unacceptable levels for vehicular 

applications, even the operation is paused for three days. In this sense the walls have to 

be very good insulated. The use of cryo-coolers to keep the cryogenic temperatures fixed 



 9

has been stated unfeasible as suggested by a report [13], because the energy required to 

run it has been found to require more hydrogen than evaporating hydrogen without cryo-

cooler addition. The main design parameters for liquid hydrogen storage tank are 

hydrogen temperature, operating pressure, insulation thickness. Under the presence of 

active cooling, number of actively cooled shields and their temperatures are also counted 

as design parameters. Multi-stage cryo-cooler with multi shield on the other hand can 

enable higher storage efficiencies in long term storage [26]. 

Boil-off results from heat interactions with surroundings. Heat exchange occurs in 

three different ways, which are conduction, convection and radiation. Suitable materials 

for the tank wall with low thermal conductivities have to be selected against conduction. 

It should be noted that at cryogenic temperatures, materials can behave very differently 

and their thermal conductivities together with other properties can change drastically, 

which has to be taken into account in designs.  

Convection effects can be eliminated with the evacuation of the air between 

layers. Hence a vacuum is generated and heat can not be transferred via air circulation. 

This method is also called vacuum superinsulation where the layers around the vacuum 

are covered with special insulating materials. Although thermal radiation is not effective 

as conduction and convection, putting a multilayered insulation at the inner tank face will 

minimize and prevent heat interactions due to radiation. This multilayer insulation can 

include metallic layers and glass wools in between [23]. There is an inverse relation 

between the insulation thickness and the boil off rates. Furthermore, this ant 

proportionality is of a high degree, meaning that boil off is decreased greatly by small 

increment changes in thickness [13].  

Thermal stratification is another phenomena occurring during heat transfers from 

surroundings which can enhance the boil off effects considerably [27]. The driving force 

to the increased pressure rise is the formation of a warm, stratified thermal layer above 

the liquid. Experiments run cylindrical tanks of large scale show that especially at the 

beginning stages of operation, big pressure rise rates are observed indicating high boil off 

rates. This situation points out the importance of the initial conditions of the heat flux 



 10

meaning whether the tank was previously under a steady boil-off or not. In this sense, it 

can also be considered to be unstable. At high heat fluxes, boil off is high as well. At low 

heat fluxes, the bulk liquid absorbs the incoming heat instead of the liquid-vapor 

interface. Hence the reduced convective heat transfer due to the stratified layer leads to 

lower values of pressure rise rates. The ratio of boil off rates of high and low heat fluxes 

can reach up to 10 [27]. Therefore tanks have to be protected well against high heat 

fluxes, in order to obtain efficiency boosts.   

Because no insulation system works with perfect performances, the aim in 

insulation wall design should be also to delay the boil-off effects. Vacuum creation is a 

perfect solution to minimize boil-off. But practically it is unattainable and therefore 

venting equipments are necessary in the vacuum region [13]. Another concern is the 

sealing. The interaction between the liquid hydrogen and the air has to be efficiently cut 

by sealing materials to prevent air entering and freezing inside the tank system. Once air 

freezes in flow lines, it will block the hydrogen flow. It is reported that only helium gas 

can enable purging of hydrogen [13], because the liquid form of helium is guarantied 

under pressures below 2.5 MPa and at temperatures higher than 5.2 K [28]. Necessary 

tank equipments like valves, connectors have also be designed to prevent heat leakages.  

To reduce heat exchanges further, contact areas with the environment can be 

reduced. Spheres have the least ratio of surface area to volume. Also its uniform stress 

strain distribution is a desired property. Therefore they have less heat exchanges with the 

surrounding. Other than that, tank sizes can be reduced too in order to decrease the heat 

losses. There exists an inverse proportionality between the tank size and evaporation rate. 

In this sense boil-off effects vanish as tank size gets bigger (table 2.1) [11].  

Solutions to boil-off effects can be grouped into two insulation system sets. First 

design consists of a rigid closed-cell foam. The distinguishing feature of the design lies in 

the foam which is placed around the tank wall. This insulating foam provides higher 

thermal conductivity and is also very protective against impact damages. This protection 

can be further improved with additional metal layers on the foam [13]. 
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 Table 2.1 Boil-off Losses for Double-Walled, Vacuum Insulated Tanks [11] 
Losses per day Tank Volume 

0.40% V=50 m3 

0.20% V=100 m3 

0.06% V=20000 m3 

The second one is a multilayered system with low emissive, high reflective layers 

with fiberglass separation between them. The design features low conductivity due to low 

pressure inside the wall and low radiation. However the cost of losing the low pressure 

level control is huge. In such a situation the boil-off rate will be very high to cause 

damages with increasing pressure [13]. Another type of multilayer insulation is proposed, 

which has many sections. These have outer blankets and shields, and inner blankets and 

shields ordered from outside to inside [26]. Multilayer insulation can propose better 

solutions by increasing performances in total mass, system power and volume [5]. 

Experiments run for liquid hydrogen storage in space applications show that the optimum 

number of multilayer shields is around 150 for insulation systems. The optimum state is 

defined to attain highest overall system mass and power efficiency where the 

temperatures of layers are assumed to have no effect in the analysis [26]. The research 

shows also that the required number of insulation layers is not a strong function of the 

system mass.   

Hydrogen losses can also be eliminated by ways other than insulation setups. To 

achieve shortcomings due to boil-off, a cost effective and easy solution is offered at the 

design stage. According to this proposal, hydrogen pressure vessels can be used in liquid 

hydrogen storage technique [22]. The cost effectiveness of the design appears in the fact 

that hydrogen pressure vessels are much available in the market with corresponding 

standards and production flows. The technical advantage in using these vessels lies in the 

flexibility that they can be charged with both liquid hydrogen for long trips or hydrogen 

gas for short term usage. Also the high pressure capacity of the vessels can compensate 

the boil-off losses if they get insulated against heat [22]. Hence pressure vessels can 

prove valuable for liquid hydrogen storage.  
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Different types of pressure vessels can be adjusted for liquid hydrogen storage [5]. 

Experimental results are reported about low pressure liquid hydrogen tanks and insulated 

pressure vessels. Comparisons are made in temperature; pressure; hydrogen losses during 

operation, during a long period of parking and during fueling of these different storage 

tanks. Effects of different insulation techniques are also examined. In this sense, 

multilayer vacuum superinsulation and microsphere insulation pressure vessels are 

compared. Microsphere insulation means insulations containing evacuated powder which 

consist of hollow bubbles of glass [29]. Figure 2.1 shows that low pressure liquid 

hydrogen tanks consume more hydrogen, even at rates of 50 km/day. Among insulated 

pressure vessels, multilayer vacuum superinsulation comes up to be a better barrier to 

stop hydrogen losses at daily driving distances less than 15 km/day, which is less than the 

average covered distance [5]. For low pressure liquid hydrogen tanks, the temperature 

and pressure do not show to be strong functions of daily driving distance. However, the 

converse is true for insulated pressure vessels, if hydrogen is stored in liquid form. In the 

presence of compressed hydrogen gas, the hydrogen losses depend greatly on the gas 

temperature and pressure. 

To optimally utilize storage tanks in vehicles, cylindrical tanks are preferred. This 

is due to manufacturing ease and cost. Also they fit better into the tank spot for 

conventional cars, rather than spherical tanks. In addition to that, tank sizes need to be 

increased as much as possible in order to keep the fuel capacity and the tank efficiency 

high. 

Finally, period of inactivity is another concern where hydrogen losses vary 

depending on the type of the tank. Highest rates of hydrogen escape are observed in low 

pressure tanks fueled with liquid hydrogen. Vacuumed and multilayered insulation shows 

again small amounts of losses compared to microsphere insulated pressure vessels [5].  
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Figure 2.1 Hydrogen Losses - Daily Driving Distance Relation [5] 

As a result it can be said that insulated pressure vessel is a better option than low 

pressure liquid hydrogen tanks in the sense that they offer less hydrogen losses in 

operation and during parking periods. To obtain the same performances low pressure 

liquid hydrogen tanks have to have 6.5 to 10 times thicker walls than those of insulated 

pressure vessels. Also low pressure liquid hydrogen tanks lose 8 percent of their energy 

in fueling. The main advantage of these tanks is their low weight and compactness [5]. 

Other than that, the inevitable boil-off losses of hydrogen will force to vent additional 

fuel after a long period of parking or to put more fuel until a pressure is obtained which is 

more than the design pressure [5]. Commercial pressure vessels can be applied on the 

hydrogen storage applications with a few necessary adjustments. Commercial pressure 

vessels lack some properties to operate at cryogenic temperatures (20 K). Insulation has 

to be taken care of in the design. Also for gaseous hydrogen charge, the walls must be 

stronger to withstand the high pressure. Heat insulation together with high pressure 

capacity in insulated pressure vessels can improve hydrogen capacity in vehicles [22].  

 

2.2.2 Hydrogen Liquefaction and Embrittlement 

Low efficiency in liquefaction of hydrogen presents another subject to necessary 

improvements in the liquid storage technique. The work needed to liquefy hydrogen can 

reach 30 % of the total energy content of the tank [30]. Compared to the 18 % energy 



 14

portion to compress the gas in high pressure vessels this is a significantly bigger 

consumption. However the liquid storage tanks are reported to be much more capable of 

storing large amounts of hydrogen, so that the total carried energy is still higher though 

there are these liquefaction losses [23]. 

Like in the compressed gas storage, hydrogen embrittlement has some effects in 

liquid storage as well. Inevitable boil-off and/or gap formation in the tank due to 

hydrogen consumption brings on the gas permeation issue through the walls. The wide 

temperature range of the system (from 20 K to fuel cell temperature) sets the requirement 

for system materials with low thermal expansion and contraction coefficients [13]. This 

creates the tendency to use one type of tank material because of few material choices 

with low expansion-contraction coefficients and other properties being similar. But 

unlike compressed gas tanks, the liquid hydrogen tanks are thin-wall vessels made of 

lightweight and strong walls like carbon composites. Such materials require a second 

layer of liner to prevent hydrogen permeation meaning a second type of material [13]. 

Also insulation problems may necessitate multilayers with different types of materials. 

Hence this contradiction presents a difficult design problem for liquid hydrogen storage 

tanks. 

  

2.2.3 Research Progress 

It has been reported that current helium transport technology can be adapted to 

hydrogen transportation with a few adjustments and also with some improvements [25]. 

Helium is carried in vessels in liquid form at cryogenic temperatures which is even lower 

than liquid hydrogen tank temperature. It is protected from surrounding heat by a 

covering superinsulation and vacuum. There exists also a barrier of thin metal which is in 

contact with liquid nitrogen from the outer side. Hence the nitrogen acts as a shield by 

absorbing and evaporating the heat first. However the total spending of liquid nitrogen 

leaves the insulation system vulnerable to heat losses, hence nitrogen recharging is 

mandatory.  
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 The same system with liquefied air barrier instead of nitrogen can make a 

promising liquid hydrogen storage tank. The advantage to use air is that it can be 

collected easily from the environment while in operation, so the effort is simpler and 

actually it can be further improved. Hydrogen needs to be at higher temperatures before 

provided to fuel cells. Hence by putting it in contact with the air shield during operation, 

the air can be liquefied. The pressure drop followed by this liquefaction can also result in 

additional air extraction from the atmosphere through a tube. This will seal the system 

due to the solidification of CO2 and water in the air and will complete the heat barrier 

[25]. 

  Like in compressed gas applications two cylinders of different sizes can be 

merged to use maximum available space in the vehicle. Also, the tank operation is 

assisted with a compressor where evaporated hydrogen can be collected and pressurized 

for small applications like energy providing to start the vehicle [25].  

The idea of liquefied hydrogen can be extended to a state called gelled hydrogen 

[13]. It is reported that the introduction of a gellant into the liquid hydrogen can increase 

capacities by 10 %. Other benefits of the gelled hydrogen are 200-300 % reduced boil off 

rates and higher safety due to smaller spill radii. As gellant materials, solid ethane, solid 

methane and silica particles are suggested [13].  

Liquid hydrogen storage can be considered as a promising candidate to solve the 

onboard storage problem as it has been already developed and used in industrial 

application with high densities (7 wt % gravimetric, 58 g/l volumetric [23,24]). However 

it still needs to be improved further to meet all the requirements of the future targets. First 

of all, liquid hydrogen at cryogenic temperatures necessitates a completely new fueling 

infrastructure. Apart from economical problems, there are also some technical challenges. 

With ongoing improvements, the operating temperature can increase in the future which 

may require new technologies to overcome pressure increase problems [5]. Boil-off 

hydrogen losses along with the high liquefaction energy required are standing as primary 

shortcomings of liquid hydrogen storage which is being eliminated with developments in 

the insulation media. 
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2.3 Hydride Storage 

Compressed gas and liquid hydrogen storage resemble conventional storage 

techniques like gasoline tanks in cars, where the substance is in pure element form. 

Though the fueling ease, performances are not quite satisfactory. An alternative way is to 

solve hydrogen in other materials where the resulting compound is called a hydride. This 

can be considered as a solid state storage because hydrides are attained by putting 

hydrogen into materials which are solid metals or metallic alloys in solid state. 

Researches in that area [31-50] have ended up in volumetric densities of hydrogen more 

than those of compressed gas and liquid hydrogen thus receiving the most attention. 

However, these are still below the future targets in practical applications. Also the 

infrastructure for a hydride based storage economy has not begun.  

There are different types of hydrides as possible hydrogen storage candidates. 

These are classified mainly in two groups as metal hydrides and chemical hydrides. Some 

researches address more complex chemical compounds and alloys, in which case the 

structure is called a complex hydride. In chemical hydrides hydrogen forms a covalent 

bond in the compound, whereas metal hydrides are ionic compounds of hydrogen and the 

metal. 

 

2.3.1 Metal Hydrides 

The simple idea behind the metal hydride is to let hydrogen exothermically react 

with certain materials to build hydrides and upon need, to extract it by heating. A deeper 

observation in microstructure reveals that the idea of the technique is to play with the 

metal matrix and create interstitial sites. Hydrogen atoms are then placed into these 

interstitial sites which have tetrahedral or octahedral molecular structures. 

A schematic of a metal hydride (Lm1.06Ni4.96Al0.04) is shown in figure 2.2. The 

system has partially filled columns of metal hydride particles to respond to heat transfer 

requirements by allowing the excess heat to pass on a porous aluminum foam layer. 

Additional liquid coolant is supplied via U-tubes along the structure. Finally, hydrogen is 

collected and fed with a separate tube inside the aluminum foam layer [31].  



 17

 
Figure 2.2 Schematic of a Metal Hydride [31] 

Hydrogen can be solved in many hydrides but only a few can hold it reversibly. In 

most cases the reaction is one way only, plus the hydrogen may not be easily retrievable 

and charging / recharging performances may drop with consecutive fuelings (hysteresis 

problem) [2]. Because metal hydrides are as capable of desorbing hydrogen as to absorb 

it, they are trusted to be a good storage media in vehicles. Exothermic reactions take 

place by the formation of the hydride. But heat addition is necessary to release hydrogen 

from the hydride [32]. Other than that, researchs have resulted in hydride production at 

ambient temperatures and at relatively low pressures like 1 MPa [33].  

Building metal hydrides with high volumetric densities is a main aim of the 

hydrides research. In this sense, atomic ratios of two hydrogen atoms to one atom of 

metal alloy have been reached which ends up in highest volumetric densities [2]. Some of 

the hydrogen densities in metal hydrides are listed in table 2.2. Even though these seem 

to be very successful results, the picture changes from the masses point of view. Those 

metallic alloys which bound high number of hydrogen atoms are usually very heavy. 

Therefore, gravimetric densities can not exceed 2 wt %. Other than that, metal hydrides 

are too stable to be applied on fuel cells because of low thermodynamic kinetics [19]. 

However under the addition of active heating this percentage can be increased to 5-7 wt 

% [13]. On the other side, light weight metals are processed to create metal hydrides and 

some ended up in high weight percentages up to 7 % (e.g. Magnesium at 7.4 wt%). The 

shortcoming was high operating temperatures to remove hydrogen off the hydride. Also 
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the formation process is very slow and equilibrium pressure and temperature are around 

10 MPa and 300°C respectively [4, 34]. If temperature is decreased, hydrogen capacities 

also drop to around 2 weight percentages [35]. Most of the results obtained through 

hydride research stay far away from future targets. Current capacities lay at levels three 

times lower than the requirements [2].  

Table 2.2 Some Metal Hydrides and Corresponding Hydrogen Densities [13] 
Hydride Metal Hydrogen Density (kg/m3) 

Magnesium 109.0 

Lithium 98.5 

Titanium 150.5 

Aluminum 151.2 

Zirconium 122.2 

Lanthanum-Nickel compound 89.0 

One important drawback in metal hydrides is the possible reduction in storage 

capacity. Because the uptake and release processes take place at molecular levels (filling 

of hydrogen into the interstitial sites in the metal matrix), controlling can be difficult. The 

most expected phenomenon is the accumulation of impurities [13]. Impurities within the 

tank can capture and keep these interstitial sites and hence reduce the total storage 

capacity.  

 There is also the thermodynamics point of view. Heavy metals are observed to be 

able to release hydrogen at room temperatures. However, light metals need to be heated 

to certain temperatures for extracting the hydrogen. It is also important whether the fuel 

cells will be capable of supplying adequate energy to separate the metal and hydrogen 

without consuming much of the fuel cell energy saved to run the engine. Effects of in 

tank equipment like connectors, valves, regulators are important to be taken into account 

in the thermodynamic analysis [13].  

 Hydrogen can also form intermetallic compounds. In this sense, intermetallic 

compositions of AB, AB2, A2B, AB3, AB5 are of interest. The A element is from alkaline 

or rare earth metals (La, Zr, Ti, Mg) whereas the B element is usually a transition metal 

(Ni, Mn, Fe) which is a good catalyst for hydrogen dissociation [36-38]. A and B 

elements show different interactions with the hydrogen in the compound. Close eigen 
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energies of B elements and hydrogen make the covalent bond between them stronger than 

the A element-hydrogen ionic bond, favoring the B element and hydrogen interactions 

[38]. Hence, it can be generalized that hydrogen content is more dependent to the B 

element amount. Storage of hydrogen in AB composition has very low costs and 

operating temperatures do not exceed 100°C but can go up to 200°C. Examples are TiFe 

and CaSi [36, 39]. CaSi can contain hydrogen with a 1.9 wt % under 9 MPa and 200°C 

[39].  

Different intermetallic compounds with same materials may not provide the same 

storage efficiencies. Ti Fe2 does not absorb hydrogen as much as TiFe. Nonetheless, A2B 

and AB2 compounds show up to be best options among metal hydrides mainly because of 

their light weight since they contain mostly Mg element. They have high storage 

capacities, good absorption / desorption kinetics; also they can initiate hydrogen 

absorption without any catalyst. Mg2Ni and Ti2Ni are some hydrides of this type [36]. 

CeNi3 and YFe3 are examples of AB3 type where the compound structure is hexagonal 

[37]. AB5 compositions also promise good storage characteristics. Like AB compounds 

AB5 structure is created at relatively low pressures and temperatures around 100°C. The 

most common material of this type is LaNi5, which shows low fluctuations in capacity 

due to fewer impurities, low activation heats and can discharge hydrogen at 0.2 MPa [4, 

36]. The drawback of it is the high cost of nickel [36]. The presence of heavy transition 

metals in all these hydrides makes it difficult to absorb high amounts of hydrogen and 

limits gravimetric densities to 3 wt % at atmosphereic pressures and room temperatures 

[37]. Putting reversibility, temperature and pressure concerns aside, up to 9 wt % 

capacities have been reached with intermetallic compounds [40]. 

 The thermodynamic aspects of the hydride formation can be further examined by 

introducing the α and β phases of the metal solution [4]. These phases correspond to 

compound pressure and hydrogen concentration in metal, which is shown in figure 2.3. 
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Figure 2.3 Pressure-Composition-Temperature Isotherms [4] 

As can be seen, α-phase represents low pressure stage and β-phase indicates the 

high pressure stage. The curves on the figure are identified as pressure-composition-

temperature isotherms in many reports and reflect the kinetic properties of hydrides. Α 

phase is formed with initial reactions of hydrogen with the A element (of AxBy 

compound). As more hydrogen is fed, the pressure increases, and the β-phase (hydride) 

growth is observed. At the existence of both phases an equilibrium pressure is reached 

which is the operating pressure of the hydride vessel, since at this stage hydrogen 

charging and discharging can be controlled with small pressure variations [4]. In figure 

2.3 the length of the isotherm in the mixed α-, β- phase indicates the storage capacity. 

Also, interstitial sites are formed due to lattice defects and strain fields. Hydrogen atoms 

can vibrate through these sites and move deeply into the compound. Hence, a long range 

diffusion takes place and hydrogen is absorbed homogenously. It should be noted that the 

diffusion process is accelerated by the fact that hydrogen penetrates the interstitial sites as 

atoms and not in molecular form [4]. Different intermetallic compounds have different 

operating temperatures and pressures. Therefore it is a target to find suitable metal 

hydrides with low temperatures and pressures. 

 

2.3.2 Chemical Hydrides 

In recent years, a deeper focus is reflected on creation of compounds with a few 

different elements and hydrogen. The so called chemical hydrides include alanates, 
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borohydrides, imides and amides [33, 34, 41, 42, 43]. One molecule of these materials 

can bind four to six hydrogen atoms to itself by acting as negatively charged anion [2]. 

This allows the hydride to achieve high hydrogen densities. Such hydrides are usually 

formed with elements such as B, Al, Mg, Li. It is reported that LiBH4 has a theoretical 

capacity of 18 wt % and Al(BH4)3 can carry 17 wt % hydrogen. Though these high 

efficiencies, hydrogen releasing mechanism runs slow; and the above mentioned 

capacities can not be reached practically [37]. Also, boron hydrides which provide 

highest storage capacities, leave volatile boranes. These products are toxic, show high 

hysteresis and carry the potential to damage fuel cell systems [19]. 

 Hysteresis is a phenomenon encountered nearly in all hydrides. Experimental 

results brought up the issue of having different hydrogen pressures in hydride formation 

and decomposition, which means a capacity loss, since the next dehydrogenation is 

forced to happen at lower pressures. The hysteresis effect can be defined as the ratio of 

hydrogen pressure of formation to its decomposition pressure [32, 36].  It was observed 

that hysteresis is a strong function of temperature and the factor is defined as (1/2)RT 

ln(Pf / Pd). A smaller factor indicates less hysteresis [32]. It has not been agreed in a 

general explanation to the hysteresis phenomenon. Theories proposed so far sought the 

reason either in pressure-composition-temperature isotherms or in the hydride 

microstructure [32]. According to some experimental results of hydrides, increasing 

temperature decreases hysteresis. A decrease in the strain energy is considered to be the 

major cause of that. Strain energy reduction arises from the increase in lattice parameters 

which ends up in the decrease of shear modulus under high temperature [36]. 

 Of particular interest are the sodium-aluminum hydrides like NaAlH4 and 

Na3AlH6 which can reversibly store hydrogen. They showed to provide hydrogen 

densities over 5 wt % in relatively better atmospheric conditions and higher kinetics. 

NaAlH4 is reported to be capable of storing 7.5 wt % hydrogen. However, its reaction 

kinetics are slow at very high temperatures and pressures [41]. The founding of these 

materials was further examined and some other ways are developed to increase hydrogen 

content and hydride performances. These accomplishments have been achieved by a 
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catalytic process called doping to be explained later. Performance bursting with doping 

can be considered to be a milestone in hydride research.  

 The reaction steps for NaAlH4 and Na3AlH6 can be summarized as follows: 

 NaAlH4      1/3 Na3AlH6  +  2/3 Al  +  H2      NaH  +  Al  +  3/2 H2       and 

Na3AlH6      3 NaH  +  Al  +  3/2 H2  

It can easily be noticed that Na3AlH6 formation is enclosed by NaAlH4 reactions. 

In other words NaAlH4 dissociation occurs in two steps to give out hydrogen element. 

The second step is the separation of Na3AlH6 where additional hydrogen molecules are 

released [35]. It can be noticed that hydrogen can be further extracted from NaH product 

of the second step by decomposing it. However, this process requires taking place at 

temperatures above 400°C which is impractical [41]. PEM fuel cells operate at around 

90°C [19]. Some recent analyses revealed more detailed information on how the reactions 

take place. A big compound like Na3AlH6 is not expected to be formed in one single step. 

According to a mechanism proposal Na3AlH6 can be produced by two successive 

additions of NaH into the compound. NaAlH4 is decomposed first into NaH and AlH3 

which go afterwards separately through other reactions. In this sense NaH and some 

initial NaAlH4 are combined resulting in an intermediate, hardly recognized material, 

Na2AlH5, which then turns into the final product Na3AlH6 with the addition of another 

NaH. Remaining products Al and H2 come to being by the elemental breakdown of AlH3 

[42]. These reactions can be illustrated as chemical equations as follows:  

NaAlH4      NaH  +  AlH3                 (1st phase)     [42] 

 NaH  +  NaAlH4      Na2AlH5 

 NaH  +  Na2AlH5     Na3AlH6   

 AlH3     Al  +  3/2 H2 

Na3AlH6      3 NaH  +  Al  +  3/2 H2  (2nd phase)    [42] 

The uncertainty to the identity of the intermediate material (Na2AlH5) was 

revealed by the step-by-step observation of material moles (figure 2.4). The changes in 

the amount of NaH molecules proved that the intermediate was indeed Na2AlH5 [42].  
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Figure 2.4 Reagent and Product Amounts [42] 

Like the formation, the decomposition of Na3AlH6 consists of more than one step. 

According to the fact, that NaAlH4 can release AlH3, Na3AlH6 is expected to eject it too. 

Hence the detailed reactions turn out to be: 

Na3AlH6      Na3H3   +  AlH3   

Na3H3      3 NaH   and         

AlH3      Al  +  3 H   [42] 

 

2.3.3 Doping of Hydrides 

The performance of the alanates is further increased with doping process, meaning 

the addition of certain materials into the hydride compound, at certain temperatures and 

pressures to unleash a catalytic effect. Dopants are prepared usually from titanium, 

zirconium and iron and can be mixed with the alanate by ball milling to lower hydrogen 

releasing temperatures [19, 44, 45]. Use of titanium compounds as dopants in the NaAlH4 

and Na3AlH6 alanates allowed researchers to establish hydrides with high kinetics for 

technical applications along with theoretical capacities up to 5.60 wt % and 2.96 wt % for 

NaAlH4 and Na3AlH6 respectively [35]. Practically these percentages can not be reached 

because of impurities within the alanate [19]. Also doping provides some reversibility 

into the hydride, though large hysteresis is observed [44]. How to apply the doping 
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process is another concern. Different hydrides have different operating temperatures and 

pressures.  

These temperature and pressure isotherms can be indicated with Van’t Hoff plots 

(figure 2.5) [19]. These plots are obtained from pressure-temperature isotherms and 

manipulated to show the logarithmic relation between the equilibrium pressure and the 

reciprocal of temperature. It was found that hydrogenation on NaAlH4 with titanium 

compounds can take place even at 100°C and at pressures up to 0.1 MPa, which differs 

NaAlH4 from other hydrides and makes it suitable for vehicular applications, since some 

fuel cells (Proton exchange membrane fuel cells) operate at 90°C [19]. Whether these 

temperature-pressure conditions are ideal, is another issue. It is reported that the relation 

between these thermal conditions and the NaAlH4 formation rate shows, that optimum 

operating temperature does not necessarily correspond to higher pressures [34].  

The catalysis can be assisted by doping in organic environments like ether or 

toluene. The process also depends on ball material, weight and milling vessel [19]. The 

dopant used can be TiCl3, TiO2, TiF3 ,TiN or Ti(OBu)4 added to the hydride in an amount 

of 2 mol % [4, 35, 44]. Among these titanium compounds, doping with TiN presents the 

highest practical capacity as 5 wt %. However, it shows very slow kinetics [19].  

 
Figure 2.5. Van’t Hoff Plots [19] 
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Though the exact mechanism of doping does not stay fully explored, it was 

proposed that doping changes the surface structure of alanate in favor of hydrogen-

evolution along the surface and thus opening the way to higher kinetics [42]. The process 

is effective even at low dopant densities. A deeper study on doping phenomenon is made 

in nanoscale with TiF3 additives on NaAlH4 surface [44]. Role of titanium and alanate 

elements is observed by examining the microstructure. Elements on the alanate surface 

are identified with X-ray diffraction at different stages of hydrogenation / 

dehydrogenation processes. It is reported that TiF3 hardly permeates into the alanate and 

spans the alanate surface having spherical or hemispherical microstructure [44]. On the 

other hand, it is reported that the effect of doping with titanium compounds show up in 

form of bulk lattice distortions, nucleation and growth of new phases by changing the cell 

parameters, atomic displacement amplitudes in the microstructure [41, 46, 47]. Atomic 

displacements were observed to range between 14-24 % whereas crystallite sizes 

decreases and strain increases. It was also reported that formation of secondary phases 

like Al means a reduction in hydrogen content [47]. However, the result is that titanium 

boosts hydrogen reactions by increasing hydrogen dissociation or by improving its 

mobility [44]. It mainly acts on [AlH4]- ion in the hydride [19]. 

Addition of dopants not only increases the capacity and levels thermodynamic 

properties to desired values, but also accelerates the reactions as well [34]. It was 

observed that complete rehydriding times can be dropped from 1 day to 10-15 minutes 

for reversible storage of 4.5 wt % [35, 41]. These long recharging times can shrink also 

by choosing hydrides with slow kinetics but very high storage capabilities. As 

approaching the full capacity, it gets comparably longer to charge more hydrogen. Hence, 

some last percentage of full capacity can be sacrificed in order to reduce fueling time 

[19]. 

At last but not at least, it was found that better capacities and absorption kinetics 

are achieved when NaAlH4 is catalyzed with dopants at the synthesis stage. In this sense 

it has to be formed from (NaH, Al) while exhibiting Ti doping [41]. This is also required 

not to lose initial rapid kinetics of the hydride [34].    
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2.3.4 Research Progresses 

Other than alanates, there are some hydrides with slightly different storage 

procedures. According to a proposal hydrogen can be kept in NaBH4 in a NaOH aqueous 

solution resulting in very stable solution. This technique promises a theoretical 5.3 wt % 

capacity. Hydrolysis inducing catalysts are necessary for discharging. In this way, a 

liquid fuel is obtained which is easy to handle [48].  

Lithium as a very light metal promises also high storage performances in hydrides 

research. LiAlH4 resembles NaBH4 in the way that little catalyst is needed to activate 

reactions. But LiAlH4 is relatively unstable which makes it hard to control in 

decompositions that happen endothermically [19, 45].  

Lithium can also build nitrides as Li3N with storage capacities of 5.4 wt % or 

imides Li2NH with 6.5 wt % hydrogen content. Synthesis of this imide can be 

accomplished at 1 MPa and at room temperatures by doing mechanochemical reactions 

on its nitride (Li3N). The same conditions apply for CaNH imide and its Ca3N2 nitride. 

Ca3N2 is found to provide a storage capacity of 3.2 wt % [33]. Nonetheless, operating 

temperatures are too high (250°C) for reversible storage and toxic ammonia is produced. 

Ammonia formation can be though avoided with TiCl3 doping [19].  

Lithium receives a big attention also from its potential to increase reversible 

storage capacities by replacing one sodium atom in Na3AlH6 compound [35]. It is 

reported that addition of La2O3 powder to ball milled doping process on this Na2LiAlH6 

complex hydride enhances decomposition rates without resulting in capacity loss or 

reaction kinetics [49]. 

A recent report on lithium based hydrides showed that Li3BN2H8 can give more 

than 10 wt % hydrogen if heated above 250°C. Other products of the decomposition are 

Li3BN2 and 2-3 mol % ammonia considered to be toxic. Also hydrogenation process is 

not found to be reversible even at 8 MPa pressures [50]. Still the capacity of exceeding 

10 wt % makes it worth to be examined further to overcome storage problems. 

There is a common concern for all hydrides, how to adapt the available storage 

space to the system-volume changes upon the hydride formation. These changes range 
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between 15 % and 25 % (e.g. 16 % shrinkage for NaAlH4) [2, 19]. Also, when 

rehydrogenation occurs, significant amount of heat is released which has to be removed 

with effective heat exchangers [19].  

Finally, there happens to be big differences between theoretical and practical 

percentage storage results. Some technical issues are considered to be reasons for that; 

like impurities within the hydride material structures, hydrogenation and doping 

technique variations and different experiment setups [31]. On the other hand, recent 

theoretical and numerical modeling methods may not be sufficiently accurate. Van’t Hoff 

equations and plots are mostly used in identifying hydride kinetics and thermodynamic 

properties. In this sense, reversible reaction kinetics mechanism can be replaced with a 

new solid diffusion mechanism, and corresponding equilibrium pressure-composition-

temperature relationships are proposed. Some models (modified virial isotherm, 

composite Langmuir isotherms, analytical and numerical charge/discharge models not 

discussed in this report) were run to get the mentioned solid diffusion mechanism at 

various thermodynamic conditions [31]. According to this modeling, fast feasibility 

estimations of metal hydrides were expected and also, it was anticipated to come up with 

better process performance representations. With more realistic mass and heat transfer 

modeling, it was found that metal hydride storage performances are more heat transfer 

dependent rather than mass transfer dependent [31].  

Main challenges in the hydride technique are to find suitable materials for hydride 

formation, to establish controls on hydrogen uptake and release mechanisms and to 

eliminate economical problems for reducing production and operating costs. Choosing 

the right element combination from a considerable number of materials requires 

significant time and research. Stability, molecular weight, availability and cost are some 

important factors in material selection. Additionally, control mechanisms have to be 

developed and adjusted to onboard systems in means of temperature, hydrogen pressure 

and mechanical control tools. At last but not at least, economical concerns pop up in 

every step. Technical research done on hydrides focuses mostly on kinetics and crystal 

structures.  
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Hydrides promise to be an ultimate solution with their potential to hold very high 

amounts of hydrogen. Because of that, the most research in hydrogen storage problem 

has been directed on this issue in recent years. So far alanates like NaAlH4 and Na3AlH6 

have received the biggest attention due to their relatively larger hydrogen carrying 

capacity and their cooperation with dopants to give better kinetics. Main challenges the 

hydride technique will experience are to find appropriate hydrides and dopants, decrease 

hydrogenation / dehydrogenation times, to eliminate hysteresis and to establish better 

kinetics at low temperature and pressure. Overcoming these challenges is an 

interdisciplinary task between chemists, physicists and material scientists [45].  

Considering the fact that all the hydrogen storage techniques lack some required 

properties to start industrial applications, better solutions can be attained by combining 

these individual techniques to hybrid vessels. It is reasonable to expect that disadvantages 

of separate storage types can be eliminated with mixing. In this sense, a hybrid vessel is 

proposed which contains both compressed gas and a hydride [51]. Results indicated that 

the high volumetric density of hydrides can be joined with the high gravimetric density of 

pressure vessels to optimize the storage capacity [51].  

 

2.4 Discussion on Main Storage Techniques 

Hydrogen storage problem has been tried to be solved with different techniques. 

These differences reveal themselves primarily in the phase of hydrogen to be stored, 

namely gaseous, liquid and in solid compounds; and also in operating conditions, 

manufacturing processes and materials. Because of that, problems encountered are 

specific to the type of technique and hence mostly they can not be applied to others.  

Near term targets have been determined for 2010 and 2015. So far, none of the 

techniques described could satisfy the requirements to start the daily life applications of 

hydrogen. All of them have their own advantages and disadvantages. Some present 

infrastructure for gaseous and liquid storage favors these types. On the other hand 

hydrides exhibit big advantages like having higher energy densities. Prototypes are 

present utilizing all techniques. 
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Regarding the interfacing with the fuel cell system, hydrogen may need to go 

through big phase and condition changes like pressure reducing in compressed hydrogen 

storage and temperature adjustments for liquid and hydride tanks as fuel cells operate at 

different thermal conditions than hydrogen in the storage tank.  

High costs stands as a common problem which all techniques have to achieve. 

Advantages and disadvantages are summarized in the following table 2.3. 

To improve hydrogen storage techniques, as well as to propose new ones, current 

processes have to be investigated and understood well to point out problems encountered 

with the nature of hydrogen. There is a significant amount of research directed on the 

storage of hydrogen. Another important concern is accompanying these researches with 

computational modeling. Though the main part of research is to find the appropriate 

materials and to come up with suitable designs, modeling can be of help to predetermine 

the feasibilities of new proposals, since there is a big number of candidate materials and 

designs. In this sense, modeling is necessary in determining the limitations of novel 

techniques and can be a guide to set the characteristics for novel materials reducing the 

research time.  
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Table 2.3 Comparison of Main Hydrogen Storage Techniques 

  Advantages  Disadvantages 
Small weight Big volume 
Some already present 
infrastructure 

Energy loss due to compressibility 
factor at high pressures 

Easy interfacing with fuel cells Hydrogen permeation through walls 
  Hydrogen embrittlement in the wall 
  High cost of materials 

Compressed Hydrogen 

  Required factor of safety more than 
2.25 

Small weight Boil-off losses  
Small volume Hydrogen embrittlement in the wall 
Low operating pressure Very low operating temperature 
  Hydrogen permeation through walls 
  High liquefaction energy 
  Little infrastructure 
  Harder interfacing with fuel cells 

Liquid Hydrogen 

  High cost of materials 
Very small volume Big weight 
Low operating pressure High operating temperatures 
  Hysteresis 
  Slow charging/decharging  

  Volume changes upon 
charging/decharging 

  No infrastructure 
  Harder interfacing with fuel cells 

Hydrides 

  High cost of materials 
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CHAPTER III 

PROPOSED HIGH PRESSURE HYDROGEN STORAGE DESIGN 

 

This work suggests an alternative way to establish an environment to store 

hydrogen. A pressure tank is proposed basically where hydrogen will be kept in gas form 

under high pressure. To get reasonable volumetric and gravimetric storage densities, high 

pressures have to be achieved inside the tank. Regarding the strength limitations, a very 

thick wall cylinder is needed to safely obtain that pressure. Therefore the multi-layered 

container with the dynamic intermediate wall is introduced which promises both the 

thickness reduction of the tank outer wall and higher volumetric storage capacities.  

 The structure of the wall consists of three layers which are filter wall, dynamic 

wall and the outer wall. The wall layout is shown in figure 3.1.  

 
Figure 3.1 Schematic of the Proposed Hydrogen Storage Tank 

 The outer wall is responsible for supplying a certain amount of strength to the 

tank. When the container is filled with hydrogen, it increases the pressure. Above a 

certain value, hydrogen goes through the filter wall into the dynamic wall region. Here it 

comes to a reaction with the wall material to form a compound which takes place at high 

pressures. The compound will be solid or adopt the solid phase under high pressure. The 

main property of this compound is to increase the volumetric density and create an 
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additional support to the outer wall in encountering the high pressure inside. Hence 

pressures can be achieved which are higher than of those the outer wall alone could 

allow. If a reduction in the pressure occurs during discharging the tank, some part of 

hydrogen can flow back through the filter wall and therefore supply hydrogen whenever 

it is needed. In this sense it can also be stated that the tank adjusts its own strength and 

lower factor of safeties than the standards may be applied as well. Furthermore, this wall 

is going to reduce the total tank weight since it will be made of lightweight materials. At 

last but not at least, the dynamic wall is expected to reduce the permeation rate of 

hydrogen through the walls to the outside, so the leakages can be significantly reduced. 

Another advantage of this is that hydrogen embrittlement at the outer wall is prevented, 

since the wall will not stay under long exposure to hydrogen. This will also allow being 

more flexible with material choices for the outer wall, because it does not have to deal 

with hydrogen permeation.  

Material selection for filter wall and dynamic wall are of utter importance. They 

have to have certain key properties like sufficient yield strengths to encounter the 

pressure inside (dynamic wall), hydrogen diffusivities to enable effective hydrogen 

transport (filter wall), reasonable solidification pressures under temperatures close to 

room temperature for the liquid substance (dynamic wall) and high kinetics.  

To visualize the behavior of the multi-layered tank under different pressures, it 

needs to be modeled to determine the features of the dynamic wall as hydrogen 

compound in solid form. In this sense the theory to increase the hydrogen capacity with 

the addition of a dynamic wall must be analyzed in computational terms as well, at all 

levels of research. The information generated through computational analysis and 

simulations can be of help to experimenters to select better candidate materials for 

hydrogen storage and to make more accurate predictions. Also these simulations can 

reduce the number of material choices to significantly decrease the research time.  

The material identities of different layers stay unexplored as there is not a 

research subject on high pressure hydrogen storage tanks with a hydrogen absorbing 

dynamic wall, in the industry. The outer layer of the tank will have almost the same 
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attributes and tasks, so that commercially available pressure vessel walls can be used here 

as well. On the other hand, the dynamic wall and the filter wall are subject to research, to 

find the most suitable materials granting a hydrogen storage media. Therefore, a 

backwards, parametric analysis based on the future targets of 2010 and 2015 will reveal 

required dynamic wall properties. For the modeling of the tank it is necessary to 

determine relevant layer properties for the analysis.    

 

3.1 Outer Wall 

Outer wall is responsible for withstanding the high pressure inside the tank and 

creating the safety factor. High pressure in hydrogen storage pressure vessels can be 

attained with thick walls. In addition to that, standards allow factor of safeties above 2.25 

for these tanks which ends up in further thickening of the wall. It should be noted that this 

number is less than 4, which is the design factor of safety in the Lawrence Livermore 

National Laboratories Facility Design Standards for pressure vessels. Also, maximum 

allowable pressures do not exceed 2 MPa [61]. However, the design purposes are 

different and do not fit in vehicular hydrogen storage applications. On the other hand, 

percent wall material elongations of 15 % and the “leak-before-break” criteria determined 

by the same standards can be applied on the new design. Leak-before-break criteria states 

that a pressure wall has to allow leakages to ensure pressure relieve and hence a stress 

reduction before failure occurs [61].  

Since the outer wall lies next to the surroundings, it has to be resistant to 

environmental effects. Main properties can be ordered as resistance to vibration, cycling, 

shock, corrosion and thermal conditions. Also the wall material has to have high fracture 

toughness or stress-intensity factor, which reflects the capability to stop crack 

propagation [61, 62].  On the other hand, the dynamic wall is expected to overcome the 

hydrogen permeation and embrittlement problems, relieving the concern to have an extra 

liner against hydrogen contact at the outer wall.  
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The walls of pressure vessels which are already available in the industry can be 

applied to this design, as the purpose of the outer wall is the same with current pressure 

vessel walls. 

 

3.2 Dynamic Wall 

Dynamic wall can be considered to be the key feature of the design which 

separates it from other pressure vessels. The main advantage of this feature is that 

hydrogen will be absorbed in this region with high volumetric densities, thus allowing big 

reduction in the total system volume.  

Hydrogenation generates volumetric expansions. These volumetric expansions 

and shrinkages are observed to be between 15 and 25 % for hydrides [2, 19] which will 

result in a decrease in the gaseous hydrogen volume inside the tank.  

Volumetric expansions are accompanied also by heat changes in the system upon 

hydrogen interactions in the dynamic wall region. As a similar technique, hydride storage 

suffers from high temperatures resulting from exothermic reactions of hydride creation 

[2]. Assuming similar exothermic reactions, the excess heat has to be transmitted to 

outside or absorbed within the system.  

At last but not at least, the hydrogenation / dehydrogenation reactions are pressure 

sensitive and pressure controlled rather than depending on the temperature. Therefore the 

wall material has to be able to release and uptake hydrogen with increments of pressure, 

to act as a hydrogen reservoir to the inner tank. Also, the compound formation of the wall 

material and the hydrogen has to end before unbearable stresses arise in the outer wall.  

Titanium doping on hydrides proved to be an effective procedure in reducing the 

heat as well as accelerating the hydrogenation / dehydrogenation reactions in hydrides as 

explained in hydrides section [35, 37, 49, 42]. In this sense, the dynamic wall material 

can also go through doping operations to take care of thermodynamic problems.  

Another possible solution to reduce the heat from exothermic reactions is to store 

energy as latent heat by using phase change materials (PCM). These are used as a means 

of internal heat absorbers within systems exhibiting high heat energy outputs. Hence they 
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are integral parts of the system. Their capability to absorb high amounts of energy comes 

from their high latent heat values. Capturing and storing the energy as latent heat 

provides higher energy storage densities for a given volume and material weight [63]. 

Other desired properties of PCMs are high thermal conductivity, high latent heat, low 

supercooling and stability together with low costs [64].  

The basic principle in heat absorption is to let PCM take on the excess heat 

produced while going through phase transitions [65]. This points out the advantage that 

the heat absorption will be isothermal. Also, the procedure is temperature dependent. 

Therefore the inverse reaction occurs once the original temperatures are attained again.  

Most common PCMs are paraffins, salt hydrates and acids [65]. Inorganic PCMs like salt 

hydrates have relatively higher latent heat and high thermal conductivities, but they 

experience extensive supercooling causing the inability to release absorbed heat by 

keeping their liquid state. However, organic PCMs carry the opposite characteristics like 

low thermal conductivities and less supercooling phenomenon. As a result it can be 

concluded that a perfect PCM has not been achieved yet [64].  

Phase change materials are mostly used in medical or agricultural transports, 

buildings and electronics. The use of PCMs can be identified as active or passive storage 

techniques. An active storage means coupling of PCM with active heat exchanging 

systems like for example heating, ventilating air conditioning systems in buildings. On 

the other hand, passive storage system necessitates exhibiting PCMs within the structure 

[66]. In this sense, the high pressure hydrogen storage tank with different layers requires 

passive heat storage PCMs, where convective heat interactions are not to be observed. 

Finned placement of phase change materials into the dynamic wall will be an 

effective way to optimize heat absorption by enabling a big span area throughout the 

dynamic wall region. Fins increase contact area by reaching into deeper regions of the 

material. This kind of PCM contacting is reported to increase energy charging / 

discharging performances in other applications [64]. Copper fins and graphite composite 

PCMs proved to be suitable material choices providing high heat absorption efficiencies 

[63, 64], which can be implemented in the dynamic wall design. 
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3.3 Filter Wall 

With charging of the tank, hydrogen will be in contact with the filter wall first. 

This wall is responsible to balance and control hydrogen transfers between the dynamic 

wall and the inner-tank. For faster charging and decharging of hydrogen, it will allow it 

go through after certain pressures. Hence the tank will act as a regular pressure vessel if it 

does not contain high amounts of hydrogen. For this kind of storage, certain structural 

strengths will be necessary for the filter wall as it must withstand some pressure not to 

fail before letting hydrogen pass to the dynamic wall region. On the other hand, it can not 

be as thick as regular pressure vessels and consume space saved for hydrogen and reduce 

the capacity. As a result, some volume for the compressed hydrogen gas can be sacrificed 

with the strengthening of the filter wall, in order to obtain faster charging and decharging 

below hydrogenation pressures of the dynamic wall.  

Temperature control on the dynamic wall is as important as applied pressures, 

hence the filter wall must exhibit some thermodynamic features to help getting these 

controls. Assuming exothermic reactions of compound creation in the dynamic wall, the 

filter wall reveals itself as a possible heat absorber by standing next to the dynamic wall 

where these reactions will take place.   

Another consequence of compound creation is the volume changes in the dynamic 

wall after hydrogenation / dehydrogenation reactions. Since the outer wall is static and 

not allowed to be that deformable, the filter wall must be flexible to allow and regulate 

possible volumetric changes, if such volumetric changes will occur.  
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CHAPTER IV 

PARAMETRIC STUDY 

 

4.1 Base of Analysis 

Examining duties and properties of each layer, the dynamic wall shows itself as 

the focus of the analysis. High hydrogen capacity, high absorption / desorption kinetics, 

light weight are the most important characteristics of the dynamic wall and the whole 

storage system, which will provide proposed performances. Hence, its properties are of 

utter importance. In this sense, the filter wall can be treated like a membrane and be 

excluded from the analysis. The outer wall will involve, to extract information on 

required gravimetric and volumetric hydrogen density, hydrogen mass to be absorbed, 

yield stress and modulus of elasticity of the dynamic wall. Calculation of densities 

requires a precise estimation of gaseous hydrogen masses, where the compressibility 

factor becomes important. 

With increasing pressures, all gases tend to lose their compressibility. At high 

pressures, compressibility difficulties become more apparent. Therefore, the equation of 

state including a compressibility effect gives more accurate results on the gaseous 

conditions than an ideal gas treatment. The equation of state with the compressibility 

factor reads [67] 

 PVgas=zRT'         (3.1) 

Where P denotes the pressure, Vgas is the specific volume, z is the compressibility 

factor, R is the gas constant (4124.18 Nm/kg K for hydrogen) and T' is the temperature.  

There are a few ways to predict the compressibility of a gas. Beattie-Bridgeman 

equation, Soave-Redlich-Kwong equation, Benedict-Webb-Rubin equation, direct 

evaluation from experimental p-v-T data are examples. Other than these, approximate 

formulas can be used as well for quick compressibility factor estimation of hydrogen. 

One such formula is [13] 
90.99704 6.4149 10z P−= + ×           (3.2) 
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All these formulas are obtained originally from curve fittings on experimental 

data. Benedict-Webb-Rubin equation is an extension of Beattie-Bridgeman [67]. A 

comparison between Soave-Redlich-Kwong, Benedict-Webb-Rubin and experimental P-

V-T (pressure-volume-temperature) data showed that the most accurate z-evaluation can 

be done directly from experimental P-V-T data. Benedict-Webb-Rubin was observed to 

give more precise results than Soave-Redlich-Kwong equation, which is discussed 

elsewhere in detail [69].  

The Benedict-Webb-Rubin equation is reported to give accurate state estimations 

of hydrogen at high pressures including compressibility effects [51, 68]. Benedict-Webb-

Rubin equation of state is the following where each parameter varies depending on the 

material type [69]: 
'
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Hence the compressibility factor in the equation turns out to be 
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Here ρgas designates the density of the gas. Other parameters are [68]: 
3 3 39.2211 10a atm l mol− −= − × ⋅ ⋅ , 

2 2 29.7319 10A atm l mol− −= × ⋅ ⋅ , 
4 2 21.7976 10b l mol− −= × ⋅ , 
2 11.8041 10B l mol− −= × ⋅ , 
2 2 3 32.4613 10c atm K l mol−= − × ⋅ ⋅ ⋅ , 

2 2 23.8914 10C atm K l mol−= × ⋅ ⋅ ⋅ , 
6 3 3' 3.4215 10 l molα − −= − × ⋅ , 

3 2 21.89 10 l molγ − −= × ⋅ . 
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Setting these values together with the gas constant, mass and temperature of 

hydrogen into equation 3.3 ends up in the pressure expression, which can be solved with 

an iterative approach to obtain the density of hydrogen. Secant method is demonstrated in 

the same report proposing this iterative solution [68]. This density value can afterwards 

be set into equation 3.4 to get the compressibility factor. With the determination of the 

compressibility factor, hydrogen’s properties can be estimated at any thermal condition. 

A stress analysis is necessary to create the stress map and determine yield values 

in the tank walls. At any internal pressure, the following equations give an estimation for 

minimum wall thickness values of single walled spherical tanks and cylindrical tanks 

with hemispherical ends respectively, where P designates pressure, r is the tank radius, 

FS is the factor of safety and Sysingle is the material yield strength [13]:  

ysingle

P r FSt
S
⋅ ⋅

=          (3.5) 

2 ysingle

P r FSt
S
⋅ ⋅

=
⋅

         (3.6) 

Here it should be noted that the tanks are axially symmetric. For cylindrical single 

walled tanks, both the tangential and radial stresses are observed to increase along the 

radial direction with decreasing distance to the center. The difference between the 

maximum and minimum stresses can be very big, as the rate of stress change is not linear 

[62] as shown in figure 4.1.  

Here it should be noted that the stated cross section is far away from the ends of 

the cylinder and corresponding stresses are almost unaffected. In the current analysis, the 

shape of the hydrogen tank is assumed to be cylindrical with hemispherical caps.   

Unlike the spherical tanks, cylindrical tanks do not have uniform stress 

distribution along the whole surface. In addition to that, multilayered vessels present a 

more complex stress distribution [71] and they can not be treated like regular vessels with 

a single wall. Also, the multilayered structure of the wall is expected to generate 

nonlinearities on the overall stress curve in the radial direction. Hence a finite element 
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modeling of the cylindrical tank is necessary to get a more accurate picture of the stress 

distribution, especially at the connecting lines of hemispherical and cylindrical sections.  

 

 
Figure 4.1 Tangential (left) and Radial Stress Distributions (right) in Pressure 
Vessels [62] 
Layers consist of different elements with different material properties. Stresses in 

each layer can be determined by measuring the strains at the innermost and outermost 

radii resulting from thin shell removals at the inner or the outer radius. It was found that 

the radial stress at a layer is equal to the pressure relieved with material removal [70].  

In the current analysis the failure of the vessel is defined according to the 

distortion energy theory or the von Mises theory, which states that failure will occur 

when distortion energy under a uniaxially stress at the yield strength value is exceeded. 

Designating the principal stresses as σ1, σ2 and σ3,the von Mises stress is given by the 

following equation which can be applied on the outer wall of the hydrogen storage tank 

[62]: 
2 2 2

1 2 2 3 1 3
y

) ) )
2

(σ −σ + (σ −σ (σ −σ
σ =      (3.7) 

The stress calculation in the proposed design with finite element analysis tools 

involves an iterative approach, since mechanical properties have to be supplied as inputs. 

As an average value [9] Poisson’s ratio is assumed to be 0.3. Maximum output von Mises 
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stresses have to be compared with the yield strength of the outer wall material. Once it 

matches the yield strength, the modulus of elasticity and von Mises stresses are read for 

the dynamic wall, which define in the minimum required reinforcement to withstand the 

inner pressure of the tank. 

Finite elements method is reported already to be used in modeling and designing 

high pressure vessels [71]. In the current analysis, ANSYS software is selected to run 

stress analysis on the high pressure hydrogen storage tank. It uses finite element methods 

to model mechanical behaviors of structures. The finite elements method is not discussed 

in this work. The basic principle of it is to divide a model into finite elements in 

interaction with each other to be analyzed at the nodes of each element. Solutions are 

obtained at all nodes of elements added up to create the overall response to loading. 

Modeling and solving of the multilayered high pressure tank’s stresses can be 

done by using either ANSYS commands or ANSYS Graphical User Interface (GUI).    

Finally it is assumed that the analysis treats the cylindrical tank free of connectors, 

valves, nozzles, regulators which actually would be necessary components of the tank for 

practical applications.  

 

4.2 Analysis Parameters and Constraints 

The tank’s performance depends on many parameters. These parameters can be 

classified as geometrical parameters, material properties and operating conditions. For 

each configuration, certain properties of the dynamic wall can be calculated. Ranges for 

each parameter are determined, taking the 2010 and 2015 targets as references. In this 

sense, some variables need to be specified as constraints of the system.  

Geometrical parameters are selected to be the outer radius of the tank, thicknesses 

and volumes of both the outer wall and the dynamic wall, length of tank and volume of 

the gaseous hydrogen. It is easily noticeable, that these parameters over define the 

cylindrical tank with hemispherical ends. Hence, different combinations of these 

variables can be picked to examine the system and obtain relations with the dynamic wall 

performance.  
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Considering some already present hydrogen pressure vessels [72], the tank 

diameter is selected to range between 25 cm and 55 cm. The outer wall thickness varies 

between 1 cm and 2 cm, whereas the dynamic wall region is to be examined over a range 

of 1 cm to very near locations to the symmetry axis, to obtain gaseous and absorbed 

hydrogen amounts in the tank.  

Geometrical parameters need to be combined with material properties, in order to 

obtain volumetric and gravimetric densities of hydrogen. These parameters include 

density and mass of the total system, outer wall and dynamic wall regions; hydrogen 

fraction in the dynamic wall and in the gaseous state. On the other hand, yield stress and 

modulus of elasticity are necessary parameters for stress analysis. Among these, dynamic 

wall parameters can be treated as analysis output. For the current analysis, carbon 

composite, titanium alloy and steel alloy have been considered as outer wall material 

candidates. Relevant properties of these materials are listed in table 4.1. Other than that, 

the unknown dynamic wall is assumed to have volumetric expansions and shrinkages 

because of hydrogen compound formation. Reported volumetric changes ranging 

between 15 and 25 % for hydrides [2] lead to the assumption that the average value as 20 

% can be used in the analysis for volumetric fraction constant. 

Table 4.1 Outer Wall Material Properties [9,10] 

  
Density 

(kg/m3) 

Yield 

Strength 

(MPa) 

Modulus of 

Elasticity 

(GPa) 

Poisson's 

Ratio 

Carbon composite (HM graphite fiber) 1900 2070 379 0.20 

Titanium alloy (Ti-6Al-4V) 4430 924 120 0.36 

Steel alloy (Tool L2) 7860 703 200 0.32 

Finally, the operating conditions will define relevant operation environments. 

Taking into account 2010 and 2015 targets, safety concerns and other works on hydrogen 

storage pressure tanks [18, 51], a pressure range from 10 MPa to 100 MPa in 10 MPa 

increments is determined for the analysis. Commercially available hydrogen storage 

vessels can store hydrogen at pressures up to 70 MPa. There are also some other types 

operating at 35 MPa [18], for that reason 35 MPa is added to the pressure points. At last 
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but not at least, the tank is assumed to operate at room temperature, which is 298 K. 

Temperature and pressure create another parameter, the compressibility factor, which 

should be taken into account in the analysis.   

Constraints have also been determined according to future targets (table 1.1). 

These targets set maximum values for system volume and mass. The limit for the system 

volume is 0.111 m3 for 2010 and 0.062 m3 for 2015, whereas total system mass is not 

allowed to exceed 83 kg by 2010 and 55.6 kg by 2015. Also the hydrogen mass in the 

system is fixed at 5 kg, which provides equivalent travel distances to conventional 

gasoline tanks in a midsize car.  

The following table 4.2 summarizes the parameters and the constraints of the 

analysis. 
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Table 4.2 Analysis Parameters 
Parameter Values 

D 25 cm - 55 cm 

touter 1 cm - 2 cm 

T 1 cm - 25 cm 

Vtotal 111 l , 62 l 

mtotal 83 kg, 55.6 kg 

mH2total 5 kg 

L Vtotal, D dependent 

Vouter D, touter, L dependent 

Vdyn D, touter, T, L dependent 

Vgas Vouter, Vdyn, Vtotal dependent 

outer wall material  composite, titanium, steel 

ρouter outer wall material dependent 

mouter ρouter, Vouter dependent 

Sy_outer outer wall material dependent 

Eouter outer wall material dependent 

P 10 MPa - 100 MPa 

T' 298.15 K 

R 4124.18 Nm/kg K 

ρgas BWR* output 

z P, T, R, BWR* constants dependent 

mgas P, Vgas, z, R, T' dependent 

mH2dyn mH2total, mgas dependent 

mdyn mtotal, mH2total, mgas dependent 

α'' 0.2 

ρdyn mdyn, Vdyn, α'' dependent 

Sy stress analysis output 

E, Edyn stress analysis output 

* Benedict-Webb-Rubin equation 
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4.3 Analysis on Physical Properties 

The required densities of the dynamic wall together with the necessary hydrogen 

mass to be absorbed can be calculated for each 2010 and 2015 targets. Gravimetric 

densities, volumetric densities, material densities, masses, hydrogen contents, volumes, 

modulus of elasticity and yield stresses are determined satisfying both 2010 and 2015 

targets. It should be noted that these values correspond to the dynamic wall material, 

which is of interest. 

 The analysis starting point is the two main constraints based on targets, which are 

system mass and volume, and also the total mass of hydrogen. Volumes of the outer shell 

and dynamic shell can be evaluated for any tank radius and shell thickness. These are 

given by 

 
3 3 2 24

3 2 2 2 2outer outer outer
D D D DV t L tπ π

⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞= ⋅ − − + ⋅ ⋅ − −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠
   (3.7) 
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⎛ ⎞⎛ ⎞ ⎛ ⎞+ ⋅ ⋅ − − − +⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
      (3.8) 

Volumes are calculated for tank diameter, thickness and pressure ranges given in 

table 4.2.  

The remaining volume of the total tank will be the gaseous hydrogen volume Vgas, 

which is used in the calculation of the gaseous hydrogen mass. The equation of state for 

gases (equation 3.1) can be manipulated giving 

 
4124.18 / 298.15

gas
gas

PV
m

z Nm kgK K
=

⋅ ⋅
        (3.9) 

 As explained in previous sections, secant method is used to estimate the density of 

hydrogen at corresponding pressures and temperatures. The value is observed to converge 

in less than 10 iterations between the ideal gas density and 0, to the sought density with a 

tolerance of less than 10-5. This parameter is then set into equation 3.4 to obtain the 
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compressibility factor z at each pressure (table 4.3). Thus, the mass fractions of 5 kg 

hydrogen in the dynamic wall and in compressed gas state can be determined separately.   

Table 4.3 Pressure vs. Compressibility Factor 
pressure (MPa) compressibility factor 

10 1.060131 

20 1.124445 

30 1.190449 

35 1.223676 

40 1.256938 

50 1.323391 

60 1.389596 

70 1.455454 

80 1.520905 

90 1.585898 

100 1.650390 

 The mass content in the dynamic wall will provide the gravimetric and volumetric 

densities of the region. The product of the outer wall volume and its density gives the 

mass, and together with the total system and hydrogen masses, the dynamic wall mass 

can be found. Consequently, gravimetric and volumetric densities of the dynamic wall are 

obtained. An important note is that the mass density can show a discrepancy with the 

actual density, since the introduced volume change constant, α'' depends on the material 

type and the compound formation reactions with hydrogen. This density is calculated 

with the following formula (α'' is taken to be 0.2): 

 
(1 '')

dyn
dyn

dyn

m
V

ρ
α

=
− ⋅

        (3.10) 

 Below are some parameters and corresponding required physical properties of the 

dynamic wall for picked values (table 4.4). mouter, mdyn and mH2dyn designate the masses of 

the outer wall, dynamic wall (without hydrogen) and hydrogen content in the dynamic 

wall, respectively. The minimum required dynamic wall densities to achieve 2010 and 

2015 targets for each parameter configuration are provided in appendices.  
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Table 4.4 Densities with Composite Outer Wall (mtotal = 83 kg, Vtotal = 111 l, D = 40 cm, 
touter = 1 cm, T = 5 cm, L = 61.7 cm) 

pressure (MPa)  mouter (kg)  mdyn (kg)  mH2dyn (kg) 
vol. density 

(kg/m3) 

grav. density 

(wt %) 

density 

(kg/m3) 

10 23.806 54.194 4.621 93.91 8.53 1377 

20 23.806 54.194 4.285 87.08 7.91 1377 

30 23.806 54.194 3.986 81.02 7.36 1377 

35 23.806 54.194 3.849 78.24 7.10 1377 

40 23.806 54.194 3.720 75.60 6.86 1377 

50 23.806 54.194 3.480 70.73 6.42 1377 

60 23.806 54.194 3.263 66.32 6.02 1377 

70 23.806 54.194 3.065 62.30 5.66 1377 

80 23.806 54.194 2.884 58.62 5.32 1377 

90 23.806 54.194 2.717 55.22 5.01 1377 

100 23.806 54.194 2.563 52.08 4.73 1377 

It can be seen that required volumetric and gravimetric densities of the dynamic 

wall drop with increasing pressure, because of decreasing hydrogen mass that has to be 

absorbed.  

 

4.4 Analysis on Mechanical Properties 

 Mechanical properties like modulus of elasticity and yield stress of the dynamic 

wall are determined by using the ANSYS finite element analysis tool. Parameters of the 

system end up in many configurations for the system. These configurations lead to 

several, possible simulations required to determine mechanical properties of the dynamic 

wall. For each given set of input parameters, ANSYS can run one analysis. Because of 

the high number of simulations and iterations, the ANSYS command module presents a 

faster way to analyze the system with easy adjustments within the code. Therefore, the 

modeling of the tank does not need to be started over and prepared manually with GUI 

each time a parameter is changed.  

Tank modeling is done in ANSYS, by defining two concentric cylinders both with 

hemispherical caps by sweeping the cross sectional area about y-axis as in figure 4.2.  
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Figure 4.2 Section view of the Tank (D = 40 cm, touter = 1 cm, T = 5 cm, L = 61.7 cm) 

 

4.5 Finite element modeling 

After the tank has been modeled, the next step is to create the finite elements. 

ANSYS database provides a large number of options for element selection. Solid and 

plane elements are of interest for the solid tank model. The axisymmetry of the geometry 

makes it possible to convert the 3 dimensional problem to a 2 dimensional one. But for 

multilayered pressure vessel analysis, solid interactions between the two layers cause 

different stress relations than in single walled tanks [70]. Hence, volumetric interactions 

become important and it has been avoided to reduce the geometry to 2-D. This leads to 

the meshing with solid elements. Solid 185 brick elements of ANSYS are selected, which 

have 8 nodes per element. Brick elements are 3 dimensional elements in cubical form, but 

structural deformations due to forces can be adopted by these elements. Nodes are present 



 49

at the edges. Solid 185 elements are capable to become solid wedges, with merging of 

two nodes with the nodes at the opposite face. In this way, the end element ends up in 6 

nodes.  

Like the modeling of the tank, its meshing with the brick elements follows a 

sweeping procedure from the cross sectional area around the axis of symmetry. This 

necessitates the area meshing of the cross section first, where the resulting mapping will 

be the guide for volume sweeping. Therefore, plane elements with same number of nodes 

as on solid element surfaces have to be used. The 4 node plane 182 element is picked to 

mesh the area. The overdefinition of nodes here can be relieved by the removing the 

source area mesh. For that reason it can be said, that source area meshing is a dummy 

action to enable a uniform volume meshing.  

For analyses involving contacts different parts, ANSYS requires contact and 

target elements to be defined, even they are already in contact initially. These elements 

are able to behave according to contact events, given stiffness values for penetrations and 

slipping constants. Nevertheless, in the current analysis no relative motion and 

penetration is allowed for layers. Hence, a close boundary condition is defined between 

the outer wall and the dynamic wall.  

The hitting element’s area has to be covered with contact elements whereas the 

other has to have target elements. In this sense conta 173 contact element is used to mesh 

the outer surface of the dynamic wall and the inner surface of the outer wall is covered 

with targe 170 target elements, because the pressure is transmitted to the outer wall 

through the dynamic wall. The pure Lagrangian method option is chosen to solve the 

contact event, which does not allow any initial penetration and slippage on surfaces. The 

meshed model is shown in figure 4.3. 
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Figure 4.3 Finite Element Modeling of the Pressure Tank (D = 40 cm, touter = 1 cm,  
T = 5 cm, L = 61.7 cm) 

As can be seen, solid elements are observed to become solid wedges at the 

circular ends with the integration of the four nodes at opposite faces at circular ends 

(Figure 4.3). Another criterion of the design is that both layers are divided into same 

number of shells (Figure 4.4). The accuracy of the analysis is tested by comparing 

stresses at different element numbers. Splitting into 8 elements in the radial direction was 

suggested by a report to assure accuracy in plastic collapse analysis [71], which is beyond 

the definition of failure at yielding stress of the current analysis. Hence, for smaller 

elongations and strains than in the plastic state, a coarser meshing is assumed to be able 

to give accurate stresses which also enhances analysis. Results showed that after 4 shells 

for each layer, the stress outputs converge to the same value. As a result, layers are 

divided into 5 elements to reduce the total analysis run time per model and also to keep 

the accuracy. 
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     Figure 4.4 Finite Elements at the Cross Section of the Tank (D = 40 cm, touter = 1 cm,  
     T = 5 cm, L = 61.7 cm) 

The stress map on the model is created by combining results at each node. 

Averaged values of adjacent nodes are used to estimate the stresses on midpoints. With 

the use of brick element meshing, the node topology will look like in figures 4.5, 4.6 and 

4.7. Here it should be noted, that the node density is very high along the radial direction, 

because the stresses vary most importantly along the radius. Also, since the yield strength 

of the outer wall is defined as the constraint of the analysis, the elements and nodes in 

this layer are kept denser, thus providing an additional degree of precision.  

The stress distribution along the longitudinal direction on the cylinder remains 

mostly at fixed values and does not show big fluctuations per length. They become even 

more uniform on the circular end sections, assuring the less dense node placement is 

accurate enough.  
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          Figure 4.5 Nodes on the Section View (D = 40 cm, touter = 1 cm, T = 5 cm, 

 L = 61.7 cm) 
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Figure 4.6 Nodes (top view) (D = 40 cm, touter = 1 cm, T = 5 cm, L = 61.7 cm) 
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Figure 4.7 Nodes (side view) (D = 40 cm, touter = 1 cm, T = 5 cm, L = 61.7 cm) 

Pressure force is applied into the inner surface of the dynamic wall. It was already 

assumed that the filter wall is like a membrane and involves primarily in the hydrogen 

permeation control through the dynamic wall. Pressures are applied ranging from 10 MPa 

to 100 MPa in10 MPa increments. The displacement constraint is defined by introducing 

a symmetric boundary condition with respect to the central axis. It is specified for the 

whole volume, where areas are allowed to translate along radial directions only. Any 

rotational or in plane motion is not permitted.  

A static state is declared for the analysis where materials also exhibit linear 

isotropic behavior. Isotropy in material structure means that physical and mechanical 

properties are not direction dependent [9] and it is linear in the way that these properties 

do not change with applied force. That reduces the analysis to have one modulus of 

elasticity and one Poisson’s ratio for each element. These are fed to the program as 
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material properties for the outer wall and dynamic wall. A value of 0.3 is assumed for 

dynamic wall’s Poisson’s ratio. On the other hand the modulus of elasticity is adjusted 

with an iterative approach at each pressure until the maximum stress at the outer wall 

matches its yield strength. With the addition of these required E and Sy values, properties 

of the sample parameter configuration (table 4.4) can be extended as shown below in 

table 4.5. However the reinforcement with the dynamic wall to withstand the inner 

pressure is not necessary at pressures less than 80 MPa, because the outer wall turns out 

to be strong enough. A resulting modulus of elasticity of more than 0.1 GPa is taken to be 

a required reinforcement from the dynamic wall for the current analysis. Nevertheless, 

required modulus of elasticity-pressure relation is more visible (down to 40 MPa), if 

titanium alloy is used instead of composite, which the list below illustrates (table 4.6). It 

can be seen that with the titanium outer wall, more reinforcement is necessary from the 

dynamic wall against internal pressures. 

Table 4.5 Mechanical and Some Physical Properties of the Dynamic Wall (Composite 
Outer Wall, mtotal = 83 kg, Vtotal = 111 l, D = 40 cm, touter = 1 cm, T = 5 cm, L = 61.7 cm) 
 

pressure (MPa) 
vol. density 

(kg/m3) 

grav. density 

(wt %) 

density 

(kg/m3) 

modulus of 

elasticity (GPa) 

yield stress 

(MPa) 

10 93.91 8.53 1377 low low 

20 87.08 7.91 1377 low low 

30 81.02 7.36 1377 low low 

35 78.24 7.10 1377 low low 

40 75.60 6.86 1377 low low 

50 70.73 6.42 1377 low low 

60 66.32 6.02 1377 low low 

70 62.30 5.66 1377 low low 

80 58.62 5.32 1377 2.8 173 

90 55.22 5.01 1377 9.6 230 

100 52.08 4.73 1377 17.5 288 
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Table 4.6 Mechanical and Some Physical Properties of the Dynamic Wall (Titanium 
Outer Wall, mtotal = 83 kg, Vtotal = 111 l, D = 40 cm, touter = 1 cm, T = 5 cm, L = 61.7 cm)   
 

pressure (MPa) 
vol. density 

(kg/m3) 

grav. density 

(wt %) 

density 

(kg/m3) 

modulus of 

elasticity (GPa) 

yield stress 

(MPa) 

10 93.91 19.78 593 low low 

20 87.08 18.34 593 low low 

30 81.02 17.07 593 low low 

35 78.24 16.48 593 low low 

40 75.60 15.93 593 2.7 94 

50 70.73 14.90 593 8.2 150 

60 66.32 13.97 593 13.7 220 

70 62.30 13.12 593 19.2 291 

80 58.62 12.35 593 24.6 361 

90 55.22 11.63 593 30.0 431 

100 52.08 10.97 593 35.4 500 
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CHAPTER V 

RESULTS, DISCUSSION AND CONCLUSION 

 

 Physical properties like gravimetric, volumetric densities are obtained, which the 

dynamic wall has to provide in order to achieve the future targets. Geometrical 

parameters and outer wall material properties put upper limits to the mass density and 

lower limits to physical properties like modulus of elasticity and yield stress. Relations 

are created for designs regarding the 2010 and 2015 targets and presented in graphs with 

different geometries and materials. 

 The effect of geometry as well as the outer wall material has been studied. It was 

found that steel can not be used in the design as outer wall material, since it alone 

achieves the mass limits if used as outer wall material. Titanium alloy provided lower 

performances than carbon composite. But, some geometrical configurations were 

observed not to be available with titanium alloy cover. One example is that thicker than 1 

cm titanium alloy outer walls weigh as much as the total tank should.  

 The finite element modeling was able to give mechanical property estimations for 

the dynamic wall. The analysis revealed that highest stresses are attained at the 

cylindrical sections (Figure 5.1). Also, no stress value at hemispherical ends is found to 

exceed those at the cylindrical section. Therefore the ends are not subject to failure. The 

stress distribution in the longitudinal direction stays mostly uniform, both on cylindrical 

and hemispherical parts.  
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Figure 5.1 Stress Distribution in the Tank (Section View) 

Considering the stresses in the radial direction, distributions are observed to 

follow the profile as in single walled tanks for each layer (Figure 5.1). However, the 

overall distribution is not found to be continuous at the boundary surface because of 

contact behavior. Different modulus of elasticity and Poisson’s ratio values lead to 

different magnitudes of stress. It was found that higher stresses accumulate at the outer 

wall, even though pressure is not applied directly on its surface. The highest stresses in 

the overall tank occurs at the inner surface of the outer wall right at the contact surface 

with the dynamic wall (Figure 5.1). Same stress profile has been found along the inner 

surface of the tank but with smaller magnitudes with more uniformity as shown in figure 

5.2.  

 



 59

 
Figure 5.2 Stress Distribution on the Inner Surface of the Tank.  

To analyze the storage system performances, effects of different geometries and 

materials can be observed. In this sense, the effects of tank radius and wall thicknesses 

are of particular interest. Carbon composite and titanium alloy are used as outer wall 

materials. Other properties are evaluated from these parameters. F  

 

5.1 Tank Diameter - Performances Relation 

Figure 5.3 and 5.4 illustrate example relations of gravimetric and volumetric 

densities versus pressure, where the effect of diameter adjustment is examined. T 

designates the dynamic wall thickness, whereas t stands for the outer wall thickness. 2010 

targets signify that total system volume is 111 l and mass is 83.0 kg, whereas 2015 targets 

mean that total system volume is 62 l and mass is 55.6 kg. As can be seen, with 

increasing pressure lower densities will be enough to obtain a storage system of 5 kg 
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hydrogen. This relation is not linear because of the compressibility factor of hydrogen. 

As the pressure is increased, it gets harder to compress the hydrogen and the pressure 

change rate is not fully reflected on the gaseous hydrogen content in the inner tank.   

Gravimetric density of hydrogen for the dynamic wall has smaller values at higher 

diameters. As the diameter of the tank gets bigger, the volume and mass of the dynamic 

wall increases. But bigger rates are attained in the inner tank’s volume and mass (gaseous 

hydrogen), and less hydrogen is needed to be absorbed in the dynamic wall region, which 

leads to a reduction in gravimetric density.  

 
Figure 5.3 Grav. Density vs. P (Composite outer wall, t = 1 cm, T = 5 cm, 2010 Targets) 

The inverse relations are found for the volumetric densities. It was found, that 

higher volumetric densities correspond generally to higher diameters. It should also be 

noted, that as the tank radius increases, the density decrease rate increases as well. Hence 

at a certain pressure, the tank with lower radius begins to have higher densities. This is 

related to the hydrogen fraction in the dynamic wall region. With increasing diameter, the 

range of hydrogen mass in the dynamic wall on the pressure scale increases as table 5.1 

illustrates. At higher tank radii, less hydrogen has to be contained in the dynamic wall. 

The difference between the maximum and minimum hydrogen fractions gets bigger. 
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Although the dynamic wall volume decreases as well, it does not follow the same rates. 

Therefore, the volumetric density curve is steeper for higher tank radius values.   

Table 5.1 Hydrogen Content in the Dynamic Wall in kg’s 
 D = 25 cm D = 30 cm D = 40 cm D = 50 cm 

  Vdyn = 64.4 m3 Vdyn = 57.9 m3 Vdyn = 49.2 m3 Vdyn = 44.8 m3 

10 MPa 4.778 4.709 4.621 4.578 

20 MPa 4.581 4.451 4.285 4.204 

30 MPa 4.407 4.223 3.986 3.872 

35 MPa 4.327 4.118 3.849 3.720 

40 MPa 4.251 4.018 3.720 3.576 

50 MPa 4.110 3.835 3.480 3.309 

60 MPa 3.983 3.668 3.263 3.067 

70 MPa 3.868 3.517 3.065 2.847 

80 MPa 3.761 3.378 2.884 2.645 

90 MPa 3.664 3.250 2.717 2.460 

100 MPa 3.573 3.131 2.563 2.288 

Regarding the mechanical properties, figures 5.5 and 5.6 present the relations for 

the dynamic wall. According to the graphs, both the modulus of elasticity and yield 

strength follow the same profile. A stronger dynamic wall is required as internal 

pressures increase and higher radii correspond to higher stresses. Also, tanks with 

diameters of 30 cm and 25 cm were found to be strong enough with their outer walls. The 

tank having 40 cm radius can have modulus of elasticity of below 0.1 GPa, before 

pressure is reduced to 70 MPa. These are designated as “low” in the modulus of elasticity 

versus pressure and yield stress versus pressure graphs. 
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Figure 5.4 Vol. Density vs. P (Composite outer wall, t = 1 cm, T = 5 cm, 2010 Targets) 

 
Figure 5.5 E vs. P (Composite outer wall, t = 1 cm, T = 5 cm, 2010 Targets) 
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Figure 5.6 Sy vs. P (Composite outer wall, t = 1 cm, T = 5 cm, 2010 Targets) 

For selected diameter values, the maximum allowed densities are found to be 854 

kg/m3 at D = 25 cm, 1053 kg/m3 at D = 30 cm, 1377 kg/m3 at D = 40 cm and 1576 kg/m3 

at D = 50 cm.  

 

5.2 Outer Wall Thickness - Performances Relation 

Outer wall is responsible to withstand the operating tank pressure. Hence, making 

it thicker will not require strength addition from the dynamic wall. But it will also reduce 

the capacity. Gravimetric and volumetric densities versus pressures are shown in figures 

5.7 and 5.8 which the design will provide. Same relations as in the previous section are 

observed. Nevertheless, it was observed that thickening leads to only hydrogen capacity 

loss, because carbon composite proved to be strong enough. Considering the maximum 

hydride performances as a similar technique depending on hydrogen absorbing 

performances [37], even at 1.5 cm thick outer wall with carbon composite, the 

gravimetric efficiencies appear to be hardly achievable. In this sense, overdesigns can be 

prevented by not choosing thick outer walls.  
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Figure 5.7 Grav. Dens (Composite Outer Wall, D = 25 cm, T = 5 cm, 2010 Targets) 

 
Figure 5.8 Vol. Dens (Composite Outer Wall, D = 25 cm, T = 5 cm, 2010 Targets) 
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Maximum allowed densities are 854 kg/m3 at t = 1 cm, 582 kg/m3 at t = 1.5 cm 

and 289 kg/m3 at t = 2 cm. It can be seen that after 1 cm thick walls, the dynamic wall 

has to have extremely low densities to provide required performances of the future 

targets. Results indicate that mechanical properties at low operating pressures usually do 

not create limitations to dynamic wall material. With the use of composite outer wall, this 

flexibility is expanded to high operating pressures. 

 

5.3 Dynamic Wall - Thickness Performances Relation 

The effect of dynamic wall thickness is observed by analyzing the properties at T 

= 1 cm, T = 5 cm, T = 10 cm and T =15 cm for a tank having a diameter of 35 cm, an 

outer wall of 1 cm thickness and length 92 cm, which ends up in 0.111 m3 of the 2010 

targets (figure 5.9, 5.10, 5.11 and 5.12). Relation profiles have the same attributes as 

explained in previous sections. It was found that pressure increasing stays ineffective in 

enhancing capacities at 15 cm thick dynamic walls, since inner tank volume is very small 

and therefore a significant hydrogen content has to be stored in the dynamic wall. On the 

other hand, thin walls will necessitate extremely strong materials to prevent tank burst. At 

a dynamic wall of 1 cm thickness, the necessary modulus of elasticity reaches even 160 

GPa and with a yield strength of above 1010 MPa at 100 MPa internal pressure, which 

means a stronger material than titanium alloy. As a result it can be said that, lowering 

minimum required densities is sacrificed with strength reinforcement requirements for the 

dynamic wall. Results showed that thickening the dynamic wall even to 5 cm decreases 

the required strengths greatly. In this case, the modulus of elasticity turns out to be 6.5 

GPa and the yield stress is 242 MPa at 100 MPa internal pressure. At 10 cm and 15 cm 

thick dynamic walls, materials with modulus of elasticity as low as 0.1 GPa are found to 

be capable of to support the outer wall. The dynamic wall has to have a thickness to 

enable a balance between strength and hydrogen capacity. But adequate efficiencies can 

also be obtained by reducing the operating pressure. 
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Figure 5.9 Grav. Density vs. P (Composite Outer Wall, D = 35 cm, t = 1 
cm, 2010 Targets) 

 
Figure 5.10 Vol. Density vs. P (Composite Outer Wall, D = 35 cm, t = 1 
cm, 2010 Targets) 



 67

 
            Figure 5.11 E vs. P (Composite Outer Wall, D = 35 cm, t = 1 cm, 

2010 Targets) 
 

 
       Figure 5.12 Sy vs. P (Composite Outer Wall, D = 35 cm, t = 1 cm, 

2010 Targets) 
 



 68

The minimum required modulus of elasticity reaches 0.1 GPa as pressure is 

decreased to 60 MPa. The modulus of elasticity increase rate with pressure is observed to 

be higher at a thinner wall. In addition to that, results indicate that this rate is 

antiproportional to the thickness. It should be noted that equations 3.5 and 3.6 also end up 

in the same antiproportional rate for single walled tanks. Maximum allowed densities are 

5214 kg/m3 at T = 1 cm, 1228 kg/m3 at T = 5 cm, 772 kg/m3 at T = 10 cm and 289 kg/m3 

at T = 15 cm.  

 

5.4 Hydrogen Release Rates 

An important characteristic of the hydrogen storage system with dynamic wall is 

the rate of hydrogen it can supply with pressure changes. Relating the pressure change to 

the time imposes another constraint to the high pressure hydrogen storage tank. In this 

sense, fast release rates of hydrogen from the dynamic wall to the inner tank are a desired 

property of the vessel. This rate is shown below in figure 5.13 for a tank with parameters 

from table 4.4. The profile is same for all tank parameter configurations.  

 
Figure 5.13 Hydrogen Release Rates from the Dynamic Wall  
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It can be seen from the curve that the rate decreases with increasing pressure. This 

is directly related to the pressure of hydrogen. With increasing pressure, more hydrogen 

can be stored in gaseous form, thus relieving the burden on the dynamic wall. 

Furthermore, it can also be said that the derivative of hydrogen release rate has an 

increasing profile. The reason for this is the growing compressibility factor of hydrogen. 

As higher pressures are achieved, the effect of compressibility becomes more apparent. 

The gaseous hydrogen mass can not rise linearly. 

The performance of the filter wall will also affect the hydrogen release rates. In 

this sense, its design should not decelerate hydrogen permeations. Also, dynamic wall has 

to have high thermal kinetics in order to obtain high hydrogenation / dehydrogenation 

performances. It will be necessary to supply some heat to the dynamic wall, since the 

desorption reaction of hydrogen will be endothermic. In this sense, finned PCM’s used to 

take away the excess heat upon hydrogenation can supply it back whenever it is needed.  

 

5.5 Minimum gravimetric and volumetric densities 

Minimum densities of the proposed design are of particular interest, because they 

can provide big flexibilities for dynamic wall material selection. Considering the 2010 

targets, gravimetric densities as low as 1 wt % can be reached with composite outer wall 

and 1.8 wt % by using titanium alloy outer walls (figure 5.14). These values increase 

greatly when switching to 2015 targets, where 9 wt % and 45 kg/m3 are lower limits for 

the whole system.  In this case, the minimum gravimetric density for the dynamic wall is 

7.2 wt %. Maximum allowed densities are 7030 kg/m3 with composite and 3681 kg/ m3 

with titanium outer wall. 
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Figure 5.14 Minimum Gravimetric Densities for 2010 and 2015 Targets 

On the other hand, minimum volumetric densities are almost same at each 

pressure, since these performances are attained at the thickest dynamic walls and a very 

big portion of hydrogen (above 4.9 kg out of 5 kg) has to be stored in the dynamic wall 

region. It should be noted that this configuration makes the system more a hydrogen 

absorbing system than a high pressure vessel. Resulting volumetric densities are around 

49.96 kg/m3 with respect to 2010 targets and 91.46 kg/m3 for 2015 targets. These values 

do not vary with different outer materials, because it is a strong function of geometry 

only.  

The drawback of these tanks is their shapes. Considering the 2010 aims, minimum 

volumetric densities can be achieved with a tank of 27.5 cm diameter, 1 cm outer wall 

and 25 cm dynamic wall. These parameters limit the cylindrical part to be 10 cm long 

because of total volume concerns. Thus the structure resembles a big sphere and may not 

be very feasible for vehicular storage. Although this tank does not lead to strength 

problems, the dynamic wall is found to have mass density of no more than 712 kg per 

metercube (with composite outer wall).  
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On the other hand, the tank corresponding to minimum gravimetric densities also 

has the same shape except that now the inner dynamic wall thickness is 1 cm. The reason 

why the thinnest wall can perform best, is the very small mass content that has to be 

stored in the dynamic wall (table 5.2), because gaseous volume at high pressures will be 

able to absorb the remaining hydrogen. The drawback of this option is, that very high 

strength reinforcement is necessary (table 5.3) to withstand internal pressures. 

Furthermore, an operating pressure of 100 MPa becomes not to be possible for this 

design with carbon composite outer wall case, since the required material strength of the 

dynamic wall turns out to exceed the values for carbon composite ( Sy = 2070 MPa, E = 

379 GPa). Putting aside the probability to find both an extremely high strength material 

and with some hydrogen absorbability, the idea of a strong outer wall is violated within 

the design proposal. It will mean that the wall could alone act as a combined dynamic / 

outer wall. Also, a liquid substance as dynamic wall candidate material (which solidifies 

at high pressures) could not be contained in the system.  

Table 5.2 Hydrogen Content in Dynamic Wall in kg’s Corresponding to 
Minimum Gravimetric Densities 
 

pressure 

(MPa) 

wrt 2010 

targets 

wrt 2015 

targets 

10 4.31 4.63 

20 3.70 4.31 

30 3.16 4.02 

35 2.91 3.88 

40 2.67 3.76 

50 2.23 3.53 

60 1.84 3.32 

70 1.48 3.12 

80 1.15 2.95 

90 0.85 2.79 

100 0.57 2.64 
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Table 5.3 Mechanical properties of the dynamic wall with composite and titanium outer        
walls corresponding to minimum gravimetric densities 

 
 2015 targets 2015 targets 2010 targets 2010 targets 

  composite   titanium composite titanium 

pressure 
modulus 

of 

yield 

stress 

modulus 

of 

yield 

stress 

modulus 

of 

yield 

stress 

modulus 

of 

yield 

stress 

(MPa) 
elasticity 

(GPa) 
(MPa) 

elasticity 

(GPa) 
(MPa) 

elasticity 

(GPa) 
(MPa) 

elasticity 

(GPa) 
(MPa) 

10 low low low low low low low low 

20 low low low low low low low low 

30 low low 37 304 low low 7 881 

35 low low 67 520 low low 27 240 

40 low low 97 732 low low 50 411 

50 0.1 69 - - low low 98 757 

60 46 359 - - low low - - 

70 111 777 - - 27 252 - - 

80 177 1200 - - 75 569 - - 

90 248 1628 - - 128 910 - - 

100 - - - - 181 1249 - - 

 As a result, it can be said that the introduction of a hydrogen absorbing dynamic 

wall improves the hydrogen capacity. Taking the tank geometry from table 4.4, a pressure 

vessel without the dynamic wall ends up in 3 wt % gravimetric density at 70 MPa. 

Compared to the 6 wt % capacity of hydrogen tank with dynamic wall this results in a 

doubling of the storage. Also, the required hydrogen absorption capacity of 5.6 wt % 

gravimetric and 63 kg/m3 volumetric density (table 4.4) of the dynamic wall are already 

reported to be achieved in absorptive storage of hydrogen research.  

 

5.6 Conclusion 

 Hydrogen storage is an important division of hydrogen powered vehicles 

technology. This technology is still under development. Starting the infrastructure 

construction for daily life applications depends on achievements made in technical and 

economical performances. Regarding the storage of hydrogen, all specified future targets 
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are based on efficient storage of 5 kg pure hydrogen. So far, designs storing hydrogen in 

gaseous, liquid and absorbed solid state have been found incapable of providing all the 

required performances.  

Identifying gravimetric and volumetric densities as important properties of a 

storage system, the proposed high pressure hydrogen storage tank with a dynamic wall is 

found to be able to give reasonable performances. Mechanical and physical properties of 

the dynamic wall are determined with modeling and a parametric analysis. It was found 

that lower gravimetric and volumetric densities are attained by sacrificing other 

flexibilities, like limiting the mass density, requiring stronger mechanical behaviors or 

having hardly utilizable shapes for vehicles.  

Effects of geometrical and material parameters are examined and relations are 

extracted. In this way, characteristics of candidate dynamic wall materials are 

determined. The relations of tank performances to the parameters have been made 

available, which can also be used as preliminary design curves.  

 Results showed that strength does not create a strict limitation to dynamic wall 

material selection especially if composite outer walls are used. Also, finite element 

analysis assured that the linear relation between the dynamic wall thickness and pressure 

is conserved for two-layered structures assuming isotropic behaviors in static analyses. 

Considering the mechanical and physical properties, carbon composite stands as a 

preferable material for outer wall compared to titanium alloys. Outer walls of steel were 

not found to enable storage systems satisfying the future targets. 

  As a result it can be said, that the high pressure hydrogen storage tank with 

dynamic wall can prove to be an alternative for proposed pressure vessel designs. High 

storage performances and safeties can be attained, which are strong functions of the 

dynamic wall. Therefore, significant amount of research has to be directed on materials. 

In this sense, the predetermined minimum required dynamic wall properties are expected 

to be of help to researchers and engineers in taking more accurate steps in material 

selection and tank design.  
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APPENDIX A 

DYNAMIC WALL PERFORMANCES WITH COMPOSITE  

OUTER WALL FOR 2010 TARGETS 

 
Figure A.1 Grav. Density vs. P (t = 1 cm, T = 5 cm) 

 
Figure A.2Vol. Density vs. P (t = 1 cm, T = 5 cm) 
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Figure A.3 E vs. P (t = 1 cm, T = 5 cm) 

 
Figure A.4 Sy vs. P (t = 1 cm, T = 5 cm) 
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Figure A.5 Grav. Density vs. P (t = 1 cm, T = 10 cm) 

 
Figure A.6 Vol. Density vs. P (t = 1 cm, T = 10 cm) 
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Figure A.7 E vs. P (t = 1 cm, T = 10 cm) 

 
Figure A.8 Sy vs. P (t = 1 cm, T = 10 cm) 
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Figure A.9 Grav. Density vs. P (t = 1 cm, T = 18 cm) 

 
Figure A.10Vol. Density vs. P (t = 1 cm, T = 18 cm) 
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Figure A.11Grav. Density vs. P (D = 25 cm, T = 5 cm) 

 
Figure A.12 Vol. Density vs. P (D = 25 cm, T = 5 cm) 
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Figure A.13 Grav. Density vs. P (D = 25 cm, t = 1 cm) 

 
Figure A.14 Vol. Density vs. P (D = 25 cm, t = 1 cm) 
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Figure A.15 Grav. Density vs. P (D = 35 cm, t = 1 cm) 

 
Figure A.16 Vol. Density vs. P (D = 35 cm, t = 1 cm) 
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Figure A.17 E vs. P (D = 35 cm, t = 1 cm) 

 

 
Figure A.18 Sy vs. P (D = 35 cm, t = 1 cm) 
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APPENDIX B 

DYNAMIC WALL PERFORMANCES WITH TITANIUM  

OUTER WALL FOR 2010 TARGETS 

 
Figure B.1 Grav. Density vs. P (t = 1 cm, T = 5 cm) 

 
Figure B.2 Vol. Density vs. P (t = 1 cm, T = 5 cm) 
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Figure B.3 E vs. P (t = 1 cm, T = 5 cm) 

 

 
Figure B.4 Sy vs. P (t = 1 cm, T = 5 cm) 
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Figure B.5 Grav. Density vs. P (t = 1 cm, T = 10 cm) 

 
Figure B.6 Vol. Density vs. P (t = 1 cm, T = 10 cm) 
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Figure B.7 E vs. P (t = 1 cm, T = 10 cm) 

 
Figure B.8 Sy vs. P (t = 1 cm, T = 10 cm) 
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Figure B.9 Grav. Density vs. P (D = 40 cm, t = 1 cm) 

 
Figure B.10 Vol. Density vs. P (D = 40 cm, t = 1 cm) 
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Figure B.11 E vs. P (D = 40 cm, t = 1 cm) 

 

 
Figure B.12 Sy vs. P D = 40 cm, t = 1 cm) 
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Figure B.13 Grav. Density vs. P (D = 50 cm, t = 1 cm) 

 
Figure B.14 Vol. Density vs. P (D = 50 cm, t = 1 cm) 
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Figure B.15 E vs. P (D = 50 cm, t = 1 cm) 

 

 
Figure B.16 Sy vs. P (D = 50 cm, t = 1 cm) 
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APPENDIX C 

DYNAMIC WALL PERFORMANCES WITH COMPOSITE  

OUTER WALL FOR 2015 TARGETS 

 
Figure C.1 Grav. Density vs. P (t = 1 cm, T = 5 cm) 

 
Figure C.2 Vol. Density vs. P (t = 1 cm, T = 5 cm) 
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Figure C.3 E vs. P (t = 1 cm, T = 5 cm) 

 

 
Figure C.4 Sy vs. P (t = 1 cm, T = 5 cm) 
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Figure C.5 Grav. Density vs. P (D = 40 cm, T = 5 cm) 

 
Figure C.6 Vol. Density vs. P (D = 40 cm, T = 5 cm) 
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Figure C.7 Grav. Density vs. P (D = 35 cm, t = 1 cm) 

 
Figure C.8 Vol. Density vs. P (D = 35 cm, t = 1 cm) 
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Figure C.9 E vs. P (D = 35 cm, t = 1 cm) 

 

 
Figure C.10 Sy vs. P (D = 35 cm, t = 1 cm) 
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APPENDIX D 

DYNAMIC WALL PERFORMANCES WITH TITANIUM  

OUTER WALL FOR 2015 TARGETS 

 
Figure D.1 Grav. Density vs. P (t = 1 cm) 

 
Figure D.2 Vol. Density vs. P (t = 1 cm) 
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Figure D.3 E vs. P (t = 1 cm) 

 

 
Figure D.4 Sy vs. P (t = 1 cm) 
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Figure D.5 Grav. Density vs. P (D = 40 cm, t = 1 cm) 

 
Figure D.6 Vol. density vs. P (D = 40 cm, t = 1 cm) 
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Figure D.7 E vs. P (D = 40 cm, t = 1 cm) 

 

 
Figure D.8 Sy vs. P (D = 40 cm, t = 1 cm) 
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APPENDIX E 

MAXIMUM ALLOWABLE DYNAMIC WALL  

MASS DENSITIES 

 

Table E.1 Tank Geometry and Dynamic Wall Densities (2010 Targets) 

material D (cm) touter (cm) T (cm) 
maximum allowed 

material density 
(kg/m3) 

composite outer wall 25 1 1 3440 
  25 1 5 854 
  25 1 10 599 
  25 1.5 5 582 
  25 2 5 289 
  30 1 5 1053 
  30 1 10 688 
  35 1 1 5214 
  35 1 5 1228 
  35 1 10 772 
  35 1 15 671 
  40 1 5 1377 
  40 1 10 848 
  40 1 18 688 
  45 1 18 712 
  50 1 5 1576 
  50 1 10 954 
  50 1 18 734 

titanium outer wall 30 1 5 237 
  30 1 10 155 
  40 1 5 593 
  40 1 10 365 
  40 1 15 306 
  50 1 5 802 
  50 1 10 485 
  50 1 15 395 
  50 1 20 365 
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Table E.2 Tank Geometry and Dynamic Wall Densities (2015 Targets) 

material D (cm) touter (cm) T (cm) 
maximum allowed 

material density 
(kg/m3) 

composite outer wall 25 1 5 1075 
  30 1 5 1276 

  35 1 1 5971 
  35 1 5 1438 
  35 1 10 927 
  35 1 15 818 

  40 1 5 1553 
  40 1.5 5 1321 
  40 2 5 1077 

titanium outer wall 30 1 5 439 
  30 1 10 292 
  40 1 5 738 
  40 1 10 469 
  40 1 15 404 
  40 1 18 394 
  45 1 18 419 
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