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Abstract 
Rising greenhouse gas (GHG) emissions is a major cause of concern today. The primary 
source of energy all over the globe is fossil fuels, a non-renewable source of energy that is 
expected to get exhausted in the next 60-100 years. Damage to environment cannot be easily 
reversed but the initial steps are to reduce the damage done.  Other alternative cleaner sources 
of energy are being looked into as viable options to replace fossil fuels. The objective of this 
study is to identify options for using hydrogen as an energy carrier in the future with a major 
focus on the transportation sector. This project is limited to theoretical study looking into the 
options for hydrogen storage and distribution. Gaseous and liquid hydrogen storage have 
been looked in to thoroughly and are far from meeting Department of Energy, USA, (DOE) 
ultimate targets for automobile fleets, hence a shift to other storage options is imminent. 
Metal hydride storage is believed to be the upcoming technology as the mid-term solution to 
storage issues and hence is given a lot of attention in this project. On-board storage in metal 
hydrides is studied and it can be concluded that no metal hydride known to us today is 
capable of satisfying the DOE ultimate targets. Finally, the study ends with options accessible 
to AGA to purchase hydrogen within Sweden and how they can be cleaned to meet the fuel 
cell gas purity requirements.   
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Sammanfattning 
Ökade utsläpp av växthusgas är en viktig orsak till oro idag. Den primära energikällan över 
hela världen är fossila bränslen, en icke-förnybar energikälla som dock förväntas bli uttömd 
under de närmaste 60-100 åren. Andra renare och möjliga energikällor studeras för att kunna 
bli hållbara alternativ till de fossila bränslena. Syftet med denna studie är att identifiera 
alternativ för att använda väte som energibärare i framtiden med ett stort fokus på 
transportsektorn. Projektet är begränsat till en teoretisk studie med fokus på möjligheter till  
förvaring och distribution av väte. Förvaring av gasformigt och flytande väte har undersökts 
noggrant. Lagring av väte i form av metallhydrid förväntas vara en användbar ny teknik som 
en temporär lösning av lagringsproblemen och får därför mycket uppmärksamhet i detta 
projekt. Lagring i metallhydrider studeras och man kan dra slutsatsen att ingen metallhydrid 
som vi känner till idag kan uppfylla DOE:s slutliga mål. Studien avslutas med att tillgängliga 
alternativ för AGA att köpa vätgas från Sverige och hur gasen kan renas för att uppfylla 
kraven på renheten för använding i bränsleceller. 
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1. Introduction 
There is a growing interest in alternative fuels for the future and a lot of research in being 
done all over the globe to find suitable renewable fuels that can replace the existing fossil 
fuels and sustain humans in the years to come. Hydrogen, is, one such element, with the 
potential to be the major energy carrier for the future. It is believed that an energy economy 
based on hydrogen (especially when produced from renewable energy sources), with fuel cells 
as the major energy conversion technology could resolve some of the major concerns such as 
security of energy supply, global warming and reduction of greenhouse gas (GHG) emissions. 

Policy frameworks of the European Commission such as EU’s (European Union’s) 20-20-20 
goals (20 % increase in energy efficiency, 20 % reduction of carbon dioxide (CO2) emissions, 
and 20 % renewables by 2020) [1], initiatives from other agencies such as United States 
Department of Energy (DOE) etc. further draw attention to collaborate efforts in search of 
alternate fuels to meet the ever increasing energy demand, particularly in the transport sector. 
Three main options identified in achieving this are: biofuels, natural gas and hydrogen/fuel 
cells. For a smooth and effective transition to hydrogen based economy, it is crucial to 
promote research, development, demonstration and market introduction of cost-effective 
technologies for hydrogen production, transport, storage and end-use.  

This report compiles relevant information about hydrogen as an energy carrier for the future, 
and is a summary of the preliminary literature study carried out for Master’s thesis work. 

This thesis will focus on the hydrogen value chain, discussing and looking into options for 
every step of the chain right from hydrogen production to hydrogen dispensing. The primary 
focus of the report will be on the use of hydrogen in mobile applications although stationary 
applications and power to gas are also briefly discussed.  
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2. Fundamentals of Hydrogen  
Hydrogen is the lightest element with an atomic weight of 1.00794 a.m.u. The chemical                                                             
symbol of hydrogen is H and it has an atomic number of Z=1. At Normal Temperature and 
Pressure (NTP) conditions, it is a colorless, odourless, tasteless, non-poisonous and a 
flammable gas. Amongst gases, hydrogen has the lowest density [2]. It is the most abundant 
element in the universe, and the ninth most abundant on Earth’s crust. On Earth, it is mostly 
present in the form of water with a concentration of about 1.08*105 mg/l. It was discovered by 
Henry Cavendish in 1766 [3]. 

The hydrogen molecule (H2) consists of two atoms. Each of these electrically neutral atoms 
contains a single proton nucleus and an orbiting electron bound to the nucleus by the 
Coulomb force. The hydrogen molecule exists in two forms, ortho-hydrogen and para-
hydrogen. The difference between the forms is in the orientation of the nuclear spins of the 
two atoms. In ortho-hydrogen, both atoms have same (parallel) spin, whereas, in para-
hydrogen, they have opposite (anti-parallel) spins shown in figure 1. Hydrogen exists as an 
equilibrium composition of both these forms which is dependent on the temperature. Under 
normal conditions, hydrogen generally exists as 75 % ortho-hydrogen and 25 % para-
hydrogen [3]. This is discussed further under hydrogen liquefaction.  

 

 

 

 

 

    

 

 

                 Figure 1 – Schematic representation of ortho- and para-hydrogen 

 

2.1 Basic Properties 

2.1.1 Thermo-physical properties 
The phase diagram of hydrogen is shown in figure 2. At NTP, hydrogen is in a gaseous state. 
Hydrogen liquefies if cooled to -252.87 °C at atmospheric pressure. Hydrogen is a liquid in a 
small zone between the triple and critical points. If cooled further, it solidifies at -259.34 °C. 
An increase in pressure increases the boiling point. It can be increased up to -240 °C at a 
pressure of 13 atm. This is known as the critical point of hydrogen. Application of higher 
pressures has no further influence to the boiling point [3]. 

     Ortho 

     Para 

E 

N 

E 

R 

G 

Y 

Parallel Nuclear Spins 

Anti-Parallel Nuclear Spins 



 11 

 

 

 

 

 

 

  

Figure 2 - Phase Diagram of Hydrogen [4] 

 

Hydrogen has a very low density in both the gaseous and liquid states. Hence, large volumes 
are needed to store small amounts of hydrogen. This is the major inhibitive factor to using 
hydrogen as an energy carrier as enormous volumes are required. The density of hydrogen in 
gaseous state is 0.089886 kg/m3 at 0 °C and a pressure of 1 bar. At these conditions, 1 kg of 
hydrogen gas has a volume of 11 m3. The density can be increased up to 70.8 kg/m3 when 
liquefied at -253 °C, which is still very low compared to conventional fuels [3] [4]. For a 
better understanding, density of conventional fuels is compared with that of hydrogen in table 
1.  

                    Table 1 – Comparison of density of hydrogen with other fuels [3] 

Fuel Gas(vapour) at 20 °C and 1 atm Liquid at boiling point , 1 atm 

 Absolute (kg/m3) Relative to 
hydrogen 

Absolute (kg/m3) Relative to 
hydrogen 

Hydrogen 0.09 1.00 70.8 1.0 
Methane 0.65 8.13 422.8 6.0 
Gasoline 4.4 55.0 700.0 9.9 
 

As seen from the table, gaseous hydrogen is about 8 times less dense than methane and almost 
55 times less dense than gasoline. Although the density of hydrogen in liquid state increases, 
it is still less dense as compared to liquid methane and gasoline. 

For a given amount of hydrogen, the volume ratio between gas and liquid hydrogen at 
ambient pressure is 848; and the volume ratio between hydrogen at 1 bar and compressed 
hydrogen at 700 bar is 440. Hence, compressed hydrogen cannot reach the density of liquid 
hydrogen under any practicably achievable pressure conditions. Hydrogen currently used for 
mobile applications comes as compressed gas at 350 and 700 bar. The volumetric density of 
hydrogen at 350 bar is about 20 kg/m3 and goes up to 36 kg/m3 at 700 bar [4]. 
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Non-ideality of hydrogen: 

The density of hydrogen at higher pressures can be predicted using thermodynamics. For 
pressures up to 100 atm, the ideal gas law predicts the density of the gas fairly accurately. At 
elevated pressures, the behavior of the gas is more appropriately described using an equation 
of state rather than the ideal gas law [3]. A number of such models exist such as van der 
Waals model, the virial function, the Berthelot equation and the compressibility factor. 
Compressibility factor of hydrogen is shown in figure 3. 

 

                               

Figure 3 – Compressibility factor of hydrogen [5] 

 

Based on the real gas models, the density of hydrogen at pressures up to 1000 bar has been 
predicted. It should be noted that there are deviations even amongst real gas models and this is 
because they are generic models developed to characterize all real gases. This uncertainty can 
be avoided only if a new set of equations exclusively for hydrogen are developed. The density 
of hydrogen as a function of pressure is shown in figure 4. 
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2.1.2 Energy Content 
Hydrogen reacts with oxygen which results in formation of water (H2O) and release of 
energy. The amount of energy released when normalized with the quantity of hydrogen used 
to generate it represents the energy density of hydrogen. Two ways to depict the energy 
density of a fuel are the lower heating value (LHV) and higher heating value (HHV), the 
difference between them being the state of the water produced in the reaction. If water is in 
the vapour phase, the energy generated is called the LHV, and if it is in the liquid form, the 
energy is termed HHV. Hence, the HHV is higher because it takes into account the heat of 
condensation of water vapour into liquid.  

The energy density of hydrogen can be expressed either on weight basis (mass energy 
density) or on volume basis (volumetric energy density). There are slight variations in the 
values reported for the energy density of gaseous hydrogen (GH2) and liquid hydrogen (LH2) 
but the ones used most often are reported in table 2.  

Table 2 – Energy Density of Hydrogen [6] 

Mass energy density (Gaseous Hydrogen) Volumetric energy density 
LHV (MJ/kg) HHV (MJ/kg) LHV (MJ/m3) HHV (MJ/m3) 

120 142 10.8 12.75 
Liquid Hydrogen (Volumetric energy density) 

LHV (MJ/m3) HHV (MJ/m3) 
8.495*103 10*103 

 

The energy densities calculated from various thermodynamic models are depicted in figure 5. 
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           Figure 5 – Volumetric energy density of hydrogen based on different models [3] 

Hydrogen has the highest mass energy density amongst all conventional fuels (LHV H2 = 120 
MJ/kg, LHV gasoline = 45 MJ/kg). Therefore, on a weight basis, the amount of fuel required 
to deliver a specific amount of energy is significantly lower when using hydrogen. However, 
the volumetric energy density of hydrogen is the lowest. This is a major obstacle to using 
hydrogen for mobile applications as large volumes are needed to store just a few kilograms of 
hydrogen. Mass and Volumetric energy densities are shown in figures 6 and 7 respectively.  

                     

                Figure 6 – Mass energy density of different fuels (highest for hydrogen) [3, 7] 
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         Figure 7 – Volumetric energy density of different fuels (lowest for hydrogen) [3, 7]  

From figure 7, it is understood that to obtain the same amount of energy, larger volumes of 
hydrogen is needed than that of gasoline. To better explain the above figure, a 50 L gasoline 
tank has the same energy content as a 460 L tank of compressed hydrogen at 350 bar, or a 340 
L tank of compressed hydrogen at 700 bar, or a 185 L tank of liquid hydrogen. 

2.1.3 Physicochemical properties 
One of the most important aspects of hydrogen storage, in particular for mobile applications is 
safety. Hydrogen is a highly flammable gas and can lead to fire or explosion under specific 
conditions such as presence of oxygen and an ignition source. As for every fuel, hydrogen has 
its own Upper flammability limit (UFL) and Lower flammability limit (LFL). Flammability 
limits, explosion limits, ignition energy required etc. of typical fuels are shown in table 3. 

                 Table 3 – Physicochemical properties of different fuels [8] 

Property Hydrogen Gasoline vapor Natural Gas 
Flammability Limits (in air) 4-74 % 1.4-7.6 % 5.3-15 % 
Explosion Limits (in air) 18.3-59.0 % 1.1-3.3 % 5.7-14 % 
Ignition Energy (mJ) 0.02 0.20 0.29 
Flame Temp. in air (°C) 2045 2197 1875 
Stoichiometric Mixture 
(most easily ignited in air) 

29 % 2 % 9 % 

 

As seen from table 3, hydrogen is flammable and explosive over a wide range of 
concentrations. Moreover, the ignition energy required for hydrogen is almost an order of 
magnitude lower than that of conventional fuels. Therefore, hydrogen can ignite more easily 
than other fuels.  
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Given hydrogen’s diffusivity and small molecular size (atomic radius of 53pm), it is difficult 
to contain hydrogen and it tends to leak out of its storage medium. Hence, safety is an 
important factor to consider when designing hydrogen storage media.  

2.1.4 Hydrogen embrittlement  
The embrittlement of materials in applications where hydrogen is used is a major practical 
issue that needs to be dealt with. Hydrogen can alter/degrade the mechanical behavior of 
metallic materials used in hydrogen infrastructure (e.g. storage tanks, pipelines, etc.) leading 
them to failure.  

It is believed that hydrogen can cause defects in a metal or alloy when present in its atomic 
form. During hydrogen embrittlement, hydrogen is introduced to the surface of the metal and 
individual hydrogen atoms diffuse through the metal. These individual hydrogen atoms within 
the metal gradually recombine to form hydrogen molecules, creating pressure from within the 
metal. This results in the metal having reduced ductility, toughness and tensile strength which 
can lead to cracks and ultimately failure of the material and hence the infrastructure. 
Hydrogen embrittlement is a major cause of disasters in industries dealing with hydrogen. It is 
another safety aspect regarding hydrogen that needs to be taken care of. New materials and 
coatings are being developed to minimize hydrogen embrittlement.   

2.1.5 Hydrogen safety 
Safety of the car in times of accidents or explosions is a major cause of concern. Incidents 
such as the Hindenburg explosion have led to misconceptions about the safety aspects of 
hydrogen as a fuel. Hindenburg explosion, although blamed on a hydrogen leak, was a result 
of other failures that led to the explosion.  

A famous test [9] conducted by Dr. Michael Swain was to simulate two car fires, one 
resulting from a puncture in a gasoline fuel line and the other by a leaking hydrogen 
connector. Contrary to beliefs stemming from the highly explosive nature of hydrogen, it was 
noticed that the gasoline car was charred completely while the fire in the hydrogen car ceased 
in less than two minutes and the temperature in the car did not exceed 67 °C. The experiment 
was taped, the images for which are shown in figure 8.  
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Figure 8 – Fire test simulations on a hydrogen car (left) and a gasoline car (right) [9] 

Hydrogen based cars have a very robust safety system. For a fire to break out and completely 
engulf the car, all the safety systems would have to fail one after the other which is a highly 
unlikely occurrence. 
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3. Hydrogen Fuel Based Economy  
Hydrogen is drawing attention as a next generation energy carrier for mobile and stationary 
power sources. However, the transition from a fossil fuel based economy to an energy 
economy based on this sustainable and clean fuel is not straightforward but suffers from 
drawbacks in the production, storage, delivery and utilization of hydrogen.  

The data from United States DOE [10] indicates that transportation sector is the most 
prominent sector using fossil fuels. Hence, replacing the present energy sources used in the 
transportation sector by a cleaner and sustainable energy source can lead to substantial 
reductions in GHG emissions. Hydrogen will play a vital role in mobile applications in the 
future. This gradual transition to hydrogen economy will be driven by both economic and 
environmental reasons. 

3.1 Benefits of Hydrogen Based Economy  
The benefits of switching over to hydrogen as an energy carrier for the future are listed below: 

i. Hydrogen is a non-toxic energy carrier that burns cleanly without generating 
carbon dioxide (CO2), nitrogen oxides, particulates or sulfur emissions. It 
reacts with oxygen to produce water and energy.  

ii. Although hydrogen has the highest specific energy on mass basis, it has the 
lowest volumetric energy density compared to conventional fuels. Properties of 
hydrogen can be altered by storing it at low temperatures or high pressures thus 
increasing its energy density. Novel solid state storage techniques are also 
coming up. 

iii. Hydrogen being highly flammable is a safety concern, but the automobiles 
running on hydrogen do not face ignition problems even during harsh winters 
when ambient temperature is low [11]. 

iv. Compared with conventional fuels, hydrogen has remarkably high values for 
crucial transport properties such as kinematic viscosity, thermal conductivity, 
etc. These properties give hydrogen its unique heat transfer characteristics.  

v. Hydrogen can be produced via various pathways such as electrolysis of water, 
thermochemical decompositions and processes involving sunlight. It can also 
be produced by novel biological methods or from fossil fuels such as steam 
reforming. 

vi. Hydrogen finds its use in many sectors and industries. It is used as a chemical 
feedstock in petrochemical, food and metallurgical industries. Switching over 
to hydrogen economy has a multi-fold advantage as different sectors using 
hydrogen can be integrated. 

vii. Hydrogen can be stored for relatively longer periods of time than electricity. 

3.2 Transition of Present Fossil Fuel Economy to Hydrogen based 
Simultaneous roadmaps to implement hydrogen economy are being drawn up in various parts 
of the world [12]. The features common to all the roadmaps are [13]: 
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i. Creation of policy frameworks that is applicable to all sectors such as transport, 
energy, and environment that reward technologies that satisfy policy objectives; 

ii. Increased budget for technical research and development related to hydrogen and fuel 
cell technologies; 

iii. Demonstrations and pilot programs to validate technologies and help penetrate them 
into the market; 

iv. Integrated socio-economic research program to complement and steer the technical 
support; 

v. Business development Initiatives to coagulate different financing organizations to help 
exploit the technology and build the infrastructure necessary for it; 

vi. Education and training programs to increase the awareness and importance of the 
transition to a more sustainable economy; 

vii. Enhanced international co-operation where leading organizations from different 
continents  join forces to speed up the introduction and implementation of new 
technologies; 

viii. A communication and dissemination centre for all these initiatives.  

An example of a roadmap by the European Commission is shown in figure 9.  

           

 

                Figure 9 – Skeleton proposal for European hydrogen and fuel cell roadmap [13] 

As can be seen from the roadmap above, the implementation of the hydrogen economy is a 
very gradual and a stepwise process which involve huge amounts of funding. Various roles 
such as R&D of technologies, pilot scale studies and demonstrations, laying down the 
infrastructure for hydrogen refueling stations, manufacturing Fuel Cell Electric Vehicles 
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(FCEVs), hydrogen production and storage, etc. all need to be done simultaneously by 
different responsible organizations to make sure the changeover from fossil fuels to hydrogen 
is a smooth and effective transition. 

The current annual world production of hydrogen is greater than 50 million tons. This 
amounts up to around 2 % of the world energy demand. 48 % of the hydrogen production 
currently is from natural gas, 30 % from refineries, 18 % from coal and the other 4% via 
electrolysis [14, 15, 7]. Hence, the production of hydrogen needs to increase slowly over time 
to meet the energy demands of the world. An increase in production also means better storage 
and distribution facilities. The gradual shift to hydrogen economy is believed to take place in 
the following time-bound phases [14, 16]: 

i. In the short term, hydrogen will continue to be produced via the steam 
reforming of natural gas. Hydrogen production can be centralized or at 
distributed facilities. Other renewable methods to produce hydrogen will be 
researched into. 

ii. In the medium term, restructuring of electric utility industry will be modified. 
Electricity will be generated using hydrogen powered fuel cells. Hydrogen will 
also be used to produce thermal energy for water and district heating. To make 
up for the increased hydrogen demand, it will be produced from coal and via 
gasification of biomass. 

iii. In the long term, hydrogen markets and infrastructure will permit the 
implementation of renewable hydrogen systems. Emergence, 
commercialization and market penetration of novel technologies to produce 
and store hydrogen will take place during this phase.  

The establishment of the hydrogen economy is however, far from reality. There are lots of 
uncertainties that need to be addressed appropriately and continuous R&D is needed in this 
area.   

3.3 Elements of Hydrogen Energy Infrastructure 
Unlike conventional fuels, hydrogen has no existing large scale supporting infrastructure. The 
existing conventional fuel infrastructure needs to be modified or retrofit so it can handle 
hydrogen and the various problems associated with it such as embrittlement. Hence, to 
establish a hydrogen economy, the components of the infrastructure need to be developed. 
These components then need to be integrated and closely coordinated so they work well 
together and help maintain a smooth hydrogen economy. The main components of the 
hydrogen infrastructure are shown in figure 10. 
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The present status and technical challenges associated with each one of the components is 
discussed briefly below: 

a) Production of Hydrogen 
For establishing a smooth hydrogen economy, continuous uninterrupted production of 
hydrogen is necessary. This can be done at centralized facilities or can be produced 
locally. As of today, the bulk of the hydrogen produced is via the catalyzed steam 
reformation of natural gas. Although the hydrogen produced in this manner is not 
considered renewable, it is the cheapest option to produce hydrogen currently. Low 
hydrogen demand in the market today is another reason that hinders the advancement 
of hydrogen production technologies. Continuous R&D is being done in this area and 
new technologies like alkaline electrolysis, polymer membrane electrolysis, hydrogen 
from biological routes etc. are some of the alternatives to steam reforming. These 
technologies are not yet cost competitive with steam reforming and hence are not 
commercialized yet. 
 

b) Delivery of Hydrogen 
The next component in the hydrogen chain is the delivery where hydrogen is 
transported from its production site to end-user device or other distribution lines. 
Hydrogen is currently transported by road via cylinders or cryogenic tankers. It is also 
delivered via pipeline but it is cost inhibiting. Further improvements in delivery 
infrastructure are needed to transport hydrogen reliably, safely and cost-effectively. 
Novel pipeline materials are being researched into.  
 

c) Storage of Hydrogen 
Hydrogen can be stored directly at the production site or once it has been delivered to 
an end-user device. This is one of the most important challenges in the use of 
hydrogen as an energy carrier. A minimum of 4 kg hydrogen is needed for realistic 

Production 

    Storage

   Delivery 

  Conversion 

Figure 10 – Schematic representation of the major components of the hydrogen 
infrastructure 

Applications 
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driving distances, which, at ambient temperature and pressure, will occupy around 45 
m3 [17]. US DOE and FreedomCAR have specified an energy density target of 
1.3 kWh/L for a hydrogen storage medium to be commercially viable [18]. Only 
liquefied hydrogen satisfies this criterion. Compressed gas even at 700 bar is still far 
from reaching this energy density [19]. Thus, the properties of hydrogen must be 
altered to store enough of it in a reasonable volume. This is looked further into in the 
next section. 
 

d) Conversion  
The conversion of hydrogen into energy can be done in two ways [14, 17]: 

i. Burning hydrogen in an internal combustion engine (ICE) (Ƞ = 25 %) 
ii. Burning hydrogen electrochemically in Fuel cells (Ƞ = 50-60 %) 

In the first method, hydrogen is burnt rapidly with oxygen from air. The efficiency of 
this transformation of chemical to mechanical energy is limited by Carnot efficiency 
and is around 25 %. Water vapour is the only product when lean mixture is used; 
richer mixtures lead to generation of NOx in the exhaust. 
In the second method, hydrogen is electrochemically burnt with oxygen in a fuel cell 
to produce electricity and heat. The electricity generated then drives and electric 
engine. The efficiency is twice that of ICE, around 50-60 %. 
 
To put these numbers in perspective, for a car to run 400 km, 

1) Petrol needed in an ICE ~ 24 kg 
2) Hydrogen needed in an ICE ~ 8 kg 
3) Hydrogen needed in a FCEV ~ 4 kg 

Hence, fuel cells are the better option than ICE which depends on cost effective mass 
production of fuel cells. ICE’s using hydrogen seemed feasible back in the days, but 
the focus has shift completely to fuel cells since and all the targets for on-board 
hydrogen storage are for fuel cells [18]. None of the fuel cells present currently satisfy 
all criteria of performance, durability and cost. 
 

e) Applications 
Once the hydrogen economy is established, hydrogen should be available for every 
end-user energy need. In the early phases, hydrogen will play a vital role in 
transportation sector; however, stationary applications such as combined power and 
heat for buildings and industrial processes will also gain importance during the later 
stages. 
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4. Hydrogen Storage: Targets and Opportunities  
For hydrogen to be commercially viable and cost-competitive compared to conventional fuels, 
it needs to be able to satisfy criteria such as sufficient gravimetric and volumetric densities, 
storage capacity for realistic driving distances, refueling time, storage system cost etc. 
Agencies like Department of Energy (DOE, US), World Energy Network (WE-NET, Japan) 
and International Energy Agency (IEA) have proposed a list of short term and long term 
technical targets that hydrogen storage systems need to achieve meet. Some of the main 
targets of a hydrogen storage medium are mentioned in the next section.  

4.1 Targets to Be Met and Their Explanations 
Table 4 shows the technical targets for on-board hydrogen storage systems for Light-Duty 
Fuel Cell Vehicles. These are proposed by USDRIVE – a partnership between US DOE and 
FreedomCAR. 

Table 4 – Technical System Targets: Onboard Hydrogen Storage  
for Light-Duty Fuel Cell Vehicles [18] 

Storage Parameter Units 2020 Ultimate 
System Gravimetric Capacity: 
(net useful energy/max system mass) 

kWh/kg 
(kg H2/kg 
system) 

1.8 
(0.055) 

2.5 
(0.075) 

System Volumetric  Capacity: 
(net useful energy/max system volume) 

kWh/L 
(kg H2/L 
system) 

1.3 
(0.040) 

2.3 
(0.070) 

Storage System Cost: 
 

• Fuel Cost 

$/kWh net 
($/kg H2) 

$/gge at pump 

10 
333 
2-4 

8 
266 
2-4 

Durability/Operability:  
• Operating ambient temperature  
• Min/max delivery temperature 
• Operational cycle life (1/4 tank to full) 
• Min delivery pressure from storage 

system 
• Max delivery pressure from storage 

system 
• Onboard Efficiency 
• “Well” to Powerplant Efficiency 

 
°C 
°C 

Cycles 
bar (abs) 
bar (abs) 

% 
% 

 
-40/60 (sun) 

-40/85 
1500 

5 
12 
90 
60 

 
-40/60 (sun) 

-40/85 
1500 

5 
12 
90 
60 

Charging/Discharging Rates: 
• System fill time (5 kg) 

  
• Minimum full flow rate 
• Start time to full flow (20°C) 
• Start time to full flow (-20°C) 
• Transient response at operating 

temperature 10%-90% and 90%-0% 

 
min 

(kg H2/min) 
(g/s)/kW 

s 
s 
 
s 
 

 
3.3 

(1.5) 
0.02 

5 
15 
 

0.75 

 
2.5 

(2.0) 
0.02 

5 
15 
 

0.75 

Fuel Quality (H2 from storage) % H2 99.97% dry basis 
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Environmental Health & Safety: 
• Permeation & leakage 
• Toxicity 
• Safety 

 
- 

Meets or exceeds 
applicable standards 

Loss of useable H2 (g/h)/kg H2 
stored 

0.05 0.05 

 

 

 

Figure 11 – Vehicle Sales versus Driving Range for 2007 US Market [18] 

The graph represented in figure 11 depicts the trends in the vehicle market. It maps out the 
current expectations of vehicle owners. As can be seen, most people prefer having a vehicle 
with a driving range between 350 – 400 miles (563 km – 644 km). The behavior patterns of 
the consumers form a logical basis for estimating system performance requirements. 

Each one of the targets is discussed briefly: 

i. System Gravimetric Capacity – This is the measure of the specific energy obtainable 
from the total onboard system including refueling infrastructure, safety features, 
temperature regulators, insulations, electronic controllers, sensors, pumps, filters etc. 
and not just the storage medium. The system mass is the weight of all the equipment 
mentioned above plus the charge of hydrogen. For a driving range of around 500 km 
or more, DOE has set the gravimetric capacity to 5.5 wt-% by 2020 and an ultimate 
goal of 7.5 wt%. 
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Storage Parameter Units 2020 Ultimate 
System Gravimetric Capacity: 
(net useful energy/max system mass) 

kWh/kg 
(kg H2/kg 
system) 

1.8 
(0.055) 

2.5 
(0.075) 

 
ii. System Volumetric Capacity – The same as gravimetric capacity, except it is on a 

per liter basis. The targets set are 40 g/L by 2020 and an ultimately 70 g/L. 

Storage Parameter Units 2020 Ultimate 
System Volumetric  Capacity: 
(net useful energy/max system volume) 

kWh/L 
(kg H2/L 
system) 
 

1.3 
(0.040) 

2.3 
(0.070) 

 

iii. Storage system cost and Fuel cost – These targets are still being revised and not 
clearly explained yet.  

iv. Durability/Operability –  
a) Operating temperature (solar load): 

The storage system must store and be able to deliver hydrogen at all prevailing 
ambient conditions. The consumers would expect the FCEV to function perfectly in 
any weather encountered. The notation (sun) indicates the upper temperature limit to 
the vehicle in case of full direct sun exposure, including radiant heat from the 
pavement. The range of temperature is from -40 to 60°C. 

Storage Parameter Units 2020 Ultimate 
Durability/Operability:  

• Operating ambient temperature  
 

 
°C 
 

 
-40/60 (sun) 
 
 

 
-40/60 (sun) 
 

 
b) Minimum/Maximum delivery temperature of H2 from storage medium: 

Fuel cells have an optimum temperature range that they operate within. Present fuel 
cells operate at about 80 °C [20]. Hydrogen entering at higher or lower temperature 
can disrupt the smooth functioning of the fuel cell leading to a loss in the efficiency 
and problems with the fuel cell. The value of 85 °C is based on today’s Polymer 
Electrolyte Membrane Fuel Cell (PEMFC) technology. This range might be expanded 
in the future as subsequent developments in the fuel cells occur. 

Storage Parameter Units 2020 Ultimate 
Durability/Operability:  

• Min/max delivery temperature 
 

 
°C 

 

 
-40/85 

 

 
-40/85 
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c) Operational cycle life – This target refers to the minimum cycle life for a storage 
media. Assuming a car on an average covers 150,000 miles during its lifetime and a 
300 mile range, it gives 500 cycles. Most customers though fill their tanks at partial 
capacity rather than when it is completely empty. Hence, they require more number of 
fills and hence a value of 1500 cycles is deemed appropriate. 
 

d) Delivery Pressure from hydrogen storage medium (minimum/maximum) – There 
needs to be a pressure difference for the hydrogen to move out of the storage medium 
to the fuel cell. The minimum and maximum pressure targets are set at 5 and 12 bar 
respectively. 
 

e) Storage system efficiency – It is defined as the ratio of the total energy delivered to 
the fuel cell (LHV basis) to the total energy contained in the tank. This can further be 
subdivided in to two separate efficiencies: 

1) Onboard reversible system efficiency – this is the efficiency of the 
hydrogen usage by the fuel cell from the storage medium onboard. The target 
is set at 90 %. 

2) “Well to Powerplant” efficiency – This is the efficiency of the entire 
hydrogen chain. From production to final usage in the fuel cell including all 
the processes such as compression, liquefaction etc. in between. The target is 
set at 60 %. 

 
v) Charging/Discharging Rates – Gasoline vehicles take about 2-5 minutes to 

refuel. Based on the expected efficiencies of FCEV’s and the size of the vehicle, 
around 5-13 kg hydrogen will be needed for a 500 km driving range. For 5 kg H2, 
the target is set to 1.5 kg H2/min by 2020 and an ultimate target of 2.0 kg H2/min 
leading to 3.3 and 2.5 minutes respectively. 

 
vi) Minimum full flow rate – This target a measure of the minimum flow rate of 

hydrogen needed by the fuel cell function smoothly and achieved the desired 
vehicle performance. The target is set to 0.02 (g/s)/kW. 

 
vii) Start time to full flow at 20 °C – Some residual hydrogen is always left behind in 

the lines, but for a vehicle to start up and run smoothly, full flow of hydrogen must 
be available almost instantly. At 20°C, the target set is 5 seconds for the hydrogen 
to reach zero to full flow to the fuel cell. 

 
viii) Start time to full flow at -20 °C – It becomes a little tougher to start the vehicle at 

lower temperatures. As mentioned earlier, this is one of the biggest challenges 
faced by the regular ICE engines. Hydrogen has a low ignition energy (1/10th that 
of conventional fuels) and hence starts up easier in harsh weather. The target set 
for zero to full flow at -20 °C is 15 seconds. 
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ix) Transient response 10 % to 90 % and 90 % to 0 % - The 10 to 90 % transient 
response is the response time needed for the storage medium to identify that the 
fuel cell needs hydrogen during acceleration. The 90 to 0 % is for the storage 
medium to identify that the fuel cell does not need any more hydrogen and hence 
the supply should be shut off. The target set for these response times is 0.75 
seconds. 

 
x) Fuel Quality – Fuel cells are very sensitive to impurities in the incoming 

hydrogen stream. Even minor disturbances can affect the fuel cell operation 
adversely. A purity of 99.97 % on dry basis is agreed upon for fuel cells. 

 
xi) Hydrogen loss – This hydrogen loss is the loss suffered due to long periods of 

inactivity for example parking during a holiday. Consumers would expect to have 
a minimal loss in driving range after a week or two of inactivity. This target is set 
to an acceptable hydrogen loss of 0.05 (g/h)/ kg H2 stored. 
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5. Hydrogen Storage in Transportation Sector 
As mentioned previously, one of the most important issues faced with using hydrogen as an 
energy carrier for mobile applications is its low volumetric density. The aim is to store as 
much hydrogen in as little volume as possible to have a higher mileage which will lower the 
number of times the automobile has to be refueled. All of this needs to be achieved keeping 
safety in mind. 

5.1 State of the Art Storage 
One kg of hydrogen roughly provides a driving distance of about 100 km [3] [15] [21]. 
Current state-of-.the-art FCEV’s can store up to 5 kg hydrogen giving a range of about 500 
km [22].  

The various hydrogen storage options available today are [3] [21] [23]: 

• Gaseous hydrogen – currently available in 350 and 700 bar pressurized systems. 
Density of hydrogen at different pressures –  

Ø 200 bar (~10-15 kg/m3) 
Ø 350 bar (~20 kg/m3) 
Ø 700 bar (~35-40 kg/m3) 
Ø 1000 bar (~40-45 kg/m3) (not commercialized yet) 

 
• Cryogenic liquid hydrogen – cryogenic storage at very low temperatures (-253°C) in 

special insulated tanks (~71 kg/m3). 
 

• Solid State (infancy stage, R&D)  
Ø Chemisorption of hydrogen (Metal hydride storage) 

§ Gravimetric density mostly around 5-7 wt-% 
§ Maximum achievable volumetric density till date in Mg2FeH6 (~150 

kg.m-3) with a gravimetric density of 5.5 wt-% 
Ø Physisorption of hydrogen (Porous systems) 

§ Materials such as activated carbon, zeolites, silicas (aerogels), 
nanotubes, etc. 

§ Limited by their gravimetric density of ~1-3 wt-% 
§ Unreliable results 

 
• Chemical Storage (reaction with water) 

A short summary of the above listed storage methods is presented in table 5. Gravimetric 
density ρm, volumetric density ρv, operating temperature T and pressure P are also shown. RT 
stands for room temperature (25 °C). 
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Table 5 – Basic hydrogen storage options [21] 

Storage Method ρm (mass-%) ρv (kg H2/m3) T (°C) P (bar) Remarks 
High-pressure gas 

cylinders 
13 <40 RT 800 Compressed gas 

(molecular H2) 
stored in 

lightweight 
composite 
cylinders 

Liquid hydrogen 
in cryogenic tanks 

Size 
dependent 

70.8 -252 1 Liquid hydrogen 
(molecular H2) 

stored in 
cryogenic 

vessels, boil off 
losses of a few %  

per day of 
hydrogen 

Adsorbed 
hydrogen 

~2 20 -80 100 Physisorption 
(molecular H2) 

on materials such 
as carbon with 
large specific 

area, fully 
reversible 

Adsorbed on 
interstitial sites in 

a host metal 

~2 150 RT 1 Hydrogen 
(atomic H) 

intercalation, 
almost fully 
reversible 

Complex 
Compounds 

<18 150 >100 1 Compounds like 
alanates ([AlH4]-) 
or borohydrides 

([BH4]-), 
adsorption occurs 
at high pressures, 

desorption at 
elevated 

temperature 
Metals and 
complexes 

together with 
water 

<40 >150 RT 1 Chemical 
oxidation of 

metals and other 
complexes with 
water to liberate 

hydrogen 
 

The above mentioned storage methods vary greatly in the type of forces used to keep the 
hydrogen molecules together. Compressed hydrogen is kept in a dense state by external 
physical forces only. It takes mechanical energy to compress the gas, but the release is free of 
charge. On the other hand, liquid hydrogen is kept together by weak chemical forces (van der 
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Waals) at low temperatures and ambient pressure. Heat needs to be supplied to release 
hydrogen via boiling. The boiling point, however, is very low (20 K) and so the heat required 
can be taken from surroundings or waste heat elsewhere can be utilized. Adsorption of 
hydrogen on materials with large surface area is also weak van der Waals forces but they tend 
to be stronger than that in liquid hydrogen due to the substrate. However, absorption of 
hydrogen on materials (complex and interstitial metal hydrides) takes place via metallic, ionic 
or covalent bonds. These forces are much stronger than the simple van der Waals interaction 
and hence it takes more energy to release hydrogen from these materials. The last method of 
storage is the chemical storage in synthetic fuels like hydrocarbons, ammonia, methanol etc. 
The bonds in these compounds are generally covalent and require significant amount of 
energy for hydrogen release. In figure 12 these storage methods are arranged depending on 
the forces ranging from pure physical to pure chemical. A trend that follows is, the more 
chemical the storage, the harder it is to extract hydrogen. Hence, higher energy or higher 
temperatures are needed to release hydrogen. 

 

 

 

  

 

 

 

Figure 12– Arrangement of hydrogen storage methods from physical  
to increasingly chemical 

 

Some of the most important characteristics of a hydrogen storage media are: 

i. High hydrogen content per unit mass and unit volume. 
ii. Low energy loss during operation. 

iii. Fast charging and discharging kinetics. 
iv. Highly stable with long life time/operational cycles. 
v. Safety during normal operations or accidents. 

vi. Limited hydrogen loss during inactivity. 
vii. Cost of manufacturing and supportive infrastructure needed. 

There are many different hydrogen storage options to choose from, each having its own pros 
and cons. There are tradeoffs within properties for each storage medium. Some may have high 
gravimetric and volumetric densities but are too costly to be put to commercial use or vice 
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versa. A suitable storage medium based on the optimum of the above listed properties should 
be considered. Density of some common hydrogen storage methods is shown in figure 13. 

 

Figure 13 – Hydrogen storage density for various storage forms [21] 

Each one of the hydrogen storage methods is discussed in details in the next section. 

5.2 Storage in gaseous form 
This is currently the most simple and mature technology to store hydrogen. The most common 
method to store hydrogen in gaseous form is in steel tanks, although lightweight composite 
tanks are being developed to endure higher pressures and which are also resistant to hydrogen 
embrittlement. This technology is well understood and service pressures as high as 825 bar 
and maximum fill pressures of 1094 bar have been achieved [24]. The most common systems 
used for mobile applications are available at 350 and 700 bar. Another route of storing 
hydrogen as a gas, namely cryogas, is gaining popularity [23]. Gaseous hydrogen is cooled to 
near cryogenic temperatures which improve the energy density of the gas.  

Hydrogen is pressurized to high pressures and stored in thick-walled tanks (mostly of 
cylindrical or quasi-conformable shape) made of high strength materials to maintain durability 
and safety. The density achieved in pressurized gas is still far from the ultimate DOE target of 
70 kg/m3. Density of gas at 350 bar is around 20 kg/m3 and about 35-40 kg/m3 at 700 bar. As 
seen from figure 12, a pressure of almost 20,000 bar is needed to reach a density of about 70 
kg/m3. Achieving such high pressures is unrealistic and hence it is clear that gaseous 
hydrogen will never be able to reach densities as high as its liquid counterpart. Nonetheless, 
gaseous storage is the predominant form of storage used presently in the world. However, for 
a complete transition to hydrogen based economy and use of hydrogen in mobile applications, 
other storage forms need to be developed.  
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5.2.1 Gas Compression 
Pressurizing hydrogen to elevated pressures requires work to be done on the gas. To calculate 
the work required to pressurize hydrogen up to a certain pressure, an equation of state and 
calorific equation are needed. Hydrogen behaves as an ideal gas at low pressures, although, at 
high pressures, there is a significant deviation from ideal gas. Hence, ideal gas models are not 
sufficient.  

Calculating the work required for compression can be simplified by assuming the entire 
process to be isothermal, i.e. the temperature of the gas remains constant. Different ideal and 
real gas models have been used to estimate the energy input needed. The models and their 
results are shown below: 

a) For an ideal gas: 

𝑊"#$%&'()*+,"-'*+ = 𝑅𝑇𝑙𝑛
𝑉4
𝑉5

 

 
b) Van der waals model: 

𝑊"#$%&'()*+,6**+# = 𝑅𝑇𝑙𝑛
𝑉4 − 𝑏
𝑉5 − 𝑏

+
𝛼
𝑉4
−
𝛼
𝑉5

 

 
 

c) Compressibility correction (Z-factor): 

𝑊"#$%&'()*+,; = 𝑍𝑅𝑇𝑙𝑛
𝑉4
𝑉5

 

 
 

d) Adiabatic ideal gas compression 

𝑊*-"*=*%">,"-'*+ = 	
𝛾

𝛾 − 1𝑅𝑇
𝑃4
𝑃5

C
CD5

− 1  

 

The results of these four models are shown in figure 14. 

Eq. 1  

   Eq. 3 

   Eq.  2 

 Eq. 4 
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Figure 14 – Compression work for hydrogen to pressurize  
from 1 bar estimated via different models [3, 25] 

It is clear from figure 14 that the curve of compression work vs pressure is parabolic and not 
linear. The curve is steep up to pressures of about 200 bar and then tends to flatten out. Hence, 
significantly less energy is required to compress hydrogen from 350 to 700 bar than to 
compress it from lower pressures to 350 bar. In other words, the work required to compress 
hydrogen up to a certain pressure depends on the initial gas pressure: the higher the initial 
suction pressure, the lower the energy required for compression. Therefore, it is advantageous 
to produce hydrogen via routes that deliver hydrogen at elevated pressures (see figure 16), 
such as pressurized electrolysers etc. 

Due to its low density and small molecular size, it requires more energy to compress one mole 
of hydrogen compared to other gases. Compression energy requirements for hydrogen, helium 
and methane are shown in figure 15. 
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         Figure 15 – Adiabatic compression work for the three gases (highest for hydrogen) [26] 

In practice, hydrogen compression is neither isothermal, nor isentropic nor adiabatic. 
Isothermal compression is the minimum theoretical work required. On the other hand, the 
adiabatic work required is much larger than the work required when isothermal compression 
is assumed because the heat accumulation creates a higher pressure for the compressor to 
work against. The actual compression work lies between the extremes predicted by isothermal 
(ideal gas) and isentropic compression (ideal gas). The energy lost during compression as a 
percentage of hydrogen LHV is shown in figure 16. 

Figure 16 – Compression work required to pressurize hydrogen  
from 1 bar normalized to LHV of hydrogen [3, 25] 

-5 

0

5

10

15

20

25

0 200 400 600 800

Co
m
pr
es
sio

n	
en

er
gy
	(M

J/
kg
)

Pressure	(bar)

Hydrogen

Helium

Methane

0

5

10

15

20

25

0 200 400 600 800 1000

Co
m
pr
es
sio

n	
w
or
k	
re
qu

ire
d	
(%

	o
f	L
HV

)

Pressure	(bar)

Adiabatic,	ideal	gas

Isothermal,	Z-factor

Isothermal,	Van	der	Waals

Isothermal,	ideal	gas

Practical	multistage



 35 

Cooling simultaneously while compressing the gas helps reduce the work required for 
compression. This is because cooling leads to advantages such as an increase in the 
volumetric efficiency of the compressor [27]. Hence, multistage compression is more 
effective than single stage compression as the gas can be cooled between stages using an 
intercooler. For the intercooling to be perfect, the gas should be cooled to its initial 
temperature after each stage.  

The work of polytropic compression of 1 mole of hydrogen from a suction pressure P1 to a 
discharge pressure P2 is given by equation 4. 

𝑊E$+F%($E"> = 	
C

CD5
𝑅𝑇 GH

GI

J
JKI − 1  

The isentropic work of the 2-stage compressor is then given by: 

𝑊"#'L%($E">,4#%*M' = 	
C

CD5
𝑅𝑇1 GH

GI

J
JKI − 1 + C

CD5
𝑅𝑇1 GN

GH

J
JKI − 1 	 

Where P1 and P3 are the suction and discharge pressures respectively. P2 is the optimal 
intermediate pressure with a value of P2 = 𝑃1. 𝑃3. The value of P2 is chosen in this manner 
because a requirement for minimum compression work is that the pressure ratio should be the 
same in each compression stage. Multistage compression of hydrogen is shown in figure 17. 

 

Figure 17 – Electrical work required for multistage hydrogen compression. Assumptions for 
calculation: Ideal intercooling, T = 25 °C, Ƞisentropic = 75 %, Ƞelectrical = 90 % [3] 

It is evident from figure 17 that the required work reduces as the number of stages increase. It 
is also seen that the optimum number of stages is around 3, as significantly less energy gains 
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are observed after that. It can also be observed that the initial suction pressure has a major 
impact on the compression work. This follows from figure 14 where it was pointed out that 
the majority of the compression work required is up to a pressure of around 200 bar. Hence, 
pressurized hydrogen production pathways are beneficial and more energy efficient.  

5.2.2 Composite Tank Storage 
Pressurized hydrogen storage tanks can be classified in four types [3]: 

1) Type – I: all metal cylinder 
2) Type – II: load-bearing metal liner hoop wrapped with resin-impregnated continuous 

filament; 
3) Type – III: non-load-bearing metal liner axial and hoop wrapped with resin-

impregnated continuous filament; 
4) Type – IV: non-load-bearing non-metal liner axial and hoop wrapped with resin-

impregnated continuous filament; 

High durability and avoiding hydrogen leaks are two crucial aspects of a storage tanks. They 
are also capable of storing cryogas. The composite tanks used for storage at high pressures of 
700 bar are advanced composite tanks of Type III (metallic) or Type IV (plastic). The 
structure of these tanks comprises of two fundamental components: 

i. Liner – acts like a barrier for hydrogen permeation; 
ii. Composite structure – improved mechanical integrity of the tank. 

Some of the advantages and the disadvantages of these tanks are listed in table 6. 

          Table 6 – Pros and Cons of composite tanks for hydrogen gas storage 

Composite hydrogen storage tanks 
Advantages Disadvantages 

Low weight Large physical volume 
Well-engineered and Safety tested Difficult to conform storage to available 

space due to their cylindrical shape 
Require no internal heat exchange High cost (500-600$/ kg H2) 
 Issues such as rapid loss of H2 during an 

accident yet to be resolved 
 

A schematic of a composite storage tank is show in figure 18. 
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     Figure 18 – Schematic of a typical composite tank for compressed gas storage [23] 

Pressures higher than 700 bar for storage are being looked into as a possibility. Hence, the 
storage tanks need to be improved and modified if they are to withstand pressures of the 
magnitude of 1000 bar. There is a need for more R&D in this area, specifically in: 

a) Development of stronger and cheaper construction materials, such as carbon 
fibres. 

b) Research on materials that have a higher resistance to hydrogen embrittlement. 
c) Development of an efficient and clean (without oil) high pressure (1000 bar) 

compressor. 
d) Improvements in compression technologies to reduce the energy intensiveness. 
e) Testing of hydride-type compressors utilizing waste heat or solar energy. 

5.3 Storage in liquid form 
The second most used method of storage after compressed gas is storing hydrogen as a liquid. 
Hydrogen has a density of 70.8 kg/m3 in its liquid form. Hydrogen gas is cooled to cryogenic 
temperatures (-253 °C) to liquefy it. Liquefaction process being very energy intensive is the 
major drawback to this technology.  

5.3.1 Hydrogen Liquefaction 
As mentioned earlier in section 2, hydrogen liquefaction is based on the principle of 
converting ortho-hydrogen to para-hydrogen. Under normal conditions, hydrogen molecules 
are present in both the states (75 % ortho and 25 % para), whereas, liquid hydrogen is present 
exclusively in the para state (99.8 %). This phenomenon is depicted in figure 19. 
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Figure 19 – Dependence of equilibrium composition of Para-hydrogen on temperature [3] 

To liquefy hydrogen, it is cooled to below its boiling point of -253 °C. This is done by 
carrying out heat transfer using heat exchangers. The gas is initially compressed. This is then 
followed by an isenthalpic expansion in reciprocating engines or cryogenic turbines. The 
Joule-Thomson effect is made use of in J-T throttle valves to transform the cooled gas to 
liquid. The Joule-Thomson effect describes the temperature change of a real gas or liquid 
when passed through a valve under adiabatic conditions.  

The JT inversion curve determines whether the temperature of the gas will increase/decrease 
during expansion. At room temperature, all gases except hydrogen, helium and neon cool 
upon expansion by the J-T process. These three gases also behave similarly but only at lower 
temperatures. At temperatures below the inversion point, hydrogen cools during expansion 
and vice versa. Thus, hydrogen is first pre-cooled to below the JT inversion temperature (-69 
°C) at a pressure corresponding to the pressure on the inversion curve. Expanding from this 
pressure to ambient pressure reduces the temperature of the gas and cools it. 

Liquid nitrogen is generally used to precool the gas. The gas is further cooled in several 
stages, the working fluid for which is neon, helium or hydrogen itself. The gas is finally 
expanded using a JT valve (small plants) or a cryogenic turbine (large plants) to cool it to -
253 °C. It is essential that hydrogen be purified prior to liquefaction as any impurities present 
will solidify at cryogenic temperatures and may block the J-T valve. The two main 
liquefaction processes used worldwide are Linde’s process and Claude’s process. 
Liquefaction is an energy intensive process and approximately about 40-45 % of hydrogen 
LHV is lost in the process. The energy consumption gradually decreases as the capacity of the 
liquefaction plant increases as seen in figure 20. 
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  Figure 20 – Energy requirement for hydrogen liquefaction for different capacity plants [26] 

 

Liquefaction energy requirements relative to HHV of hydrogen is shown in figure 21. 

 

Figure 21 – Liquefaction energy required normalized to HHV of hydrogen [26, 25] 
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5.3.2 Cryostats 
LH2 is stored in special cryogenic vessels, also known as cryostats. These vessels are double-
walled with insulation present between the walls. Proper insulation is very crucial when 
storing liquid hydrogen to reduce conductive, convective and radiant heat flow into the liquid 
hydrogen which can lead to thermal losses in the form of boil-off (explained in section 5.3.3). 
The tanks generally consist of an inner and an outer vessel with special multilayered 
insulation present between them. The space in between the two vessels is under vacuum to 
minimize heat transfer. Liquid nitrogen is also used as an inert to further reduce the heat 
transfer. Cryostats are constructed using highly durable material to withstand the stresses 
caused by the build-up of hydrogen vapour (inner shell) and the pressure difference between 
the environment and the vacuum insulation (outer shell). The inner shell is usually made of 
austenitic or alloy steels. Conventional steel is usually used to manufacture the outer shell. A 
typical cryogenic hydrogen storage tank is shown in figure 22. 

              

Figure 22 – Typical cryogenic vessel for liquid hydrogen storage [28] [3] 

The cryostats usually have a venting system to prevent the buildup of high pressures due to 
the accumulation of hydrogen vapour due to boil off. Time required for the build-up pressure 
to reach the allowed maximum is known as the lock-up time. Once the maximum allowed 
pressure is released, venting starts. The vapour built-up in the container can be vented through 
a pressure-release valve. It can also be consumed as hydrogen gas, captured in a metal hydride 
or re-used again in the liquefaction process.   
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5.3.3 Boil-Off 
The energy released during the conversion of ortho to para hydrogen at 20 K is reported to be 
703 J/g while the heat of evaporation of hydrogen is about 446 J/g [3]. Hydrogen converts 
slowly between the two states. Over time at 20 K, the equilibrium composition will be 
reached, but it takes a much longer time than liquefaction process itself. This state conversion 
leads to heat generation in the liquid and hence hydrogen losses also known as boil-off. 
Hence, as much ortho-hydrogen as possible should be converted to para-hydrogen during 
liquefaction. This phenomenon cannot be avoided but measures can be taken to minimize it.  

The boil off rate depends on the size, shape and insulation of the cryostat. These losses can 
range from 0.2 weight % in large containers to about 2-3 wt-% per day in smaller ones. The 
optimum shape of the storage container is spherical. The spherical shape helps in reducing 
evaporation losses as it has the lowest surface area per unit volume. Hence, larger containers 
have lower hydrogen losses than smaller ones. Daily losses of 50 m3, 100 m3 and 20,000 m3 
capacity containers are around 0.4 %, 0.2 % and 0.06 % respectively [4].  

To sum it up, the advantages and disadvantages of liquid storage are presented in table 7. 

                              Table 7 – Pros and Cons of liquid hydrogen storage     

Liquid hydrogen storage 
Advantages Disadvantages 

Operates at low pressures (almost ambient 
pressure) 

Energy intensive liquefaction process 

Liquid hydrogen volumetric density meets 
the DOE ultimate target 

Effective temperature control to avoid 
overpressure 

Lower volumes required than compressed 
gas storage 

Hydrogen losses due to boil-off 

 Well insulated and complicated cryogenic 
containers needed 

 

The main focus of R&D in this area should be on: 

a) Lowering the costs of the containers. 
b) Improving insulation of the cryostats to minimize boil-off further. 
c) Developing more efficient liquefaction processes (hydride compressors, 

acoustic or magnetic cooling, etc.) 
d) Develop technologies to automatically capture the boil-off gas to be used 

elsewhere or sent back for re-liquefaction.  
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5.4 Solid State Storage  
Solid state storage of hydrogen is believed to be one of the most promising storage forms in 
the future although it is still at a very premature stage. Solid state storage is further subdivided 
depending on the storage mechanism [3]: 

1) Chemisorption – chemical reactions leading to adsorption of hydrogen (such as in 
metal hydrides). Strong bonding and high energy required to release the stored 
hydrogen. 

2) Physisorption – van der Waals forces leading to adsorption of hydrogen (such as 
porous carbon materials, zeolites etc.). Weak bonding and relatively low energy 
requirements for the release of hydrogen. 

Storage in porous media such as carbon nanotubes or nanostructured carbon samples, 
although, have certain advantages such as low pressure storage, safety and design flexibility, 
compared to other storage forms, they have relatively low gravimetric capacities (1-3 wt-%) 
(Figure 23) thus hindering their applications till considerable improvements are found.    

 

             

Figure 23 – Gravimetric capacity of various carbon materials vs specific surface area [17] 

 

Research in porous media storage over the past decades has resulted in many unreliable and 
conflicting results. Hence, they will not be addressed any further in this report. Metal hydride 
storage will be the primary focus as the solid state hydrogen storage option in this report. 
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5.4.1 Metal Hydrides 
Metal hydrides are based on the principle that metallic alloys can be used as sponges that can 
absorb hydrogen. Hydriding a metal or a metallic alloy is based on the phenomena of 
chemisorption. Via a chemical reaction, a host metal lattice can be hydrogenated in one of the 
following ways [29]: 

1) Direct dissociative chemisorption  
 

𝑀 𝑠 +
𝑥
2𝐻4 𝑔 ↔ 𝑀𝐻X 𝑠 + 𝑄 

 
2) Electrochemical splitting of water 

 

𝑀(𝑠) +
𝑥
2𝐻4𝑂(𝑔) +

𝑥
2 𝑒

D ↔ 𝑀𝐻X(𝑠) +
𝑥
2𝑂𝐻

D + 𝑄 

 

The reactions given in equations 5 & 6 are both reversible and exothermic, meaning they are 
accompanied by a considerable amount of heat release. Hence, the heat evolved has to be 
continuously removed as the hydrogenation reaction is performed. To release the hydrogen 
from the metal hydride, sufficient heat needs to be provided to break the M-H bond. 

5.4.1.1 Hydriding Process  
The hydrogenation of a metal is a gradual process involving different phases. Initially, only 
some hydrogen is absorbed resulting in the α-phase after which the transition to β-phase takes 
place which marks the completion of the hydrogenation process [17] [29] [30].  

The steps involved in the process are (shown in figure 24): 

a) Dissociation of molecular H2 at the surface of the metal lattice into H atoms 
b) Diffusion of H atoms through and into the bulk metal lattice  
c) Reaction between the H atoms and the metal leading to strong chemical bonds 

Eq 5 

Eq. 6 
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Figure 24 – Representation of hydrogenation process.  
Hydrogen atoms from equation 5 are shown on the left side and through electrochemical 
splitting of water (equation 6) on the right [17] 

 

The thermodynamic aspect of the process described above is depicted graphically by a 
pressure-composition isotherm (PCI) and van’t Hoff plot in figure 25 which is unique for each 
metal or metal alloy.  

 

    

Figure 25 – (a) Isotherm depicting H2 absorption and desorption plateau. The difference 
between the two isotherms is known as hysteresis; (b) PCI for a metal hydride highlighting 
the α and β-phase; (c) van’t Hoff plot obtained from the PCI. The slope (-ΔH/R) gives the 
enthalphy of the hydriding reaction [31] 
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Initially, as the hydriding process begins at low hydrogen concentrations (0 ≤ C ≤ a), the 
formation of α-phase starts (equation 8). This is characterized by the formation of an 
interstitial solid solution in the metal matrix. The concentration of hydrogen in the α-phase is 
governed by the Henry-Sieverts law and is given by  

𝐶 𝐻 = 	 𝑃(𝐻4) 

With an increase in pressure and as hydrogen concentration increases beyond the saturated 
solid solution concentration (a), there is a gradual first order phase transition from α to β-
phase (equation 9) taking place due to nucleation and growth of the hydride. 

𝑀 +	
𝑦
2𝐻4 ↔ 𝑀𝐻F	(𝛼 − 𝑝ℎ𝑎𝑠𝑒) 

																																																				𝑀𝐻F +
XDF
4
𝐻4 ↔ 𝑀𝐻X	(𝛽 − 𝑝ℎ𝑎𝑠𝑒) 

This phase transition occurs at a constant hydrogen pressure depicted by the plateau in a PCI. 
When the two phases co-exist, the isotherm shows a flat plateau. The concentration of 
hydrogen when the β-phase is completely formed is the value at the end of the plateau (b). 
Further increase in hydrogen concentration leads to a corresponding increase in the pressure 
up to a point where the maximum hydrogen capacity of the material is reached (no more 
active interstitial sites for H atoms). At this point, the equilibrium pressure exhibits an 
asymptotic increase, i.e. P→∞. 

The plateau width, (b-a) is the reversible hydrogen storage capacity of the material. The 
equilibrium plateau pressure, at a given temperature, is dependent on ΔS° and ΔH°, which is 
unique to every material.  

It should be noted here that the metal lattice expands when the metal undergoes the hydriding 
process. This volume expansion (ΔV/Vo) corresponding the hydrogenation can be anywhere 
from 15 to > 30 % as shown in figure 26. Hence, storage of metal hydrides especially for 
automotive applications needs to be given special consideration as the storage container needs 
to be big enough to allow lattice expansion/contraction. This is discussed briefly in the later 
sections. 

 

 

 

 

 

 

 

Eq. 7 

Eq. 8 

Eq. 9 
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Alloy Structure of parent 
alloy 

Structure of hydride ΔV/Vo 

BCC-V 

 

 

35.5 (V→VH2) 
 
 
30.9 (V2H→VH2) 

LaNi5 

 
 

 
 
20.4 
(LaNi5→LaNi5H6) 

TiMn2 

  

 
 
19.6 
(TiMn2→TiMn2H2.5) 

TiFe 

  

 
 
18.3 (TiFe→TiFeH2) 

Figure 26 – Lattice structures of metal alloys depicting  
lattice expansion upon hydrogenation [30] 

Hydrogen storage in metal hydrides offers various benefits such as high volumetric densities, 
moderate gravimetric capacities, low working pressures and the most the important of all, 
safety. Unlike gaseous or liquid storage, there is no risk of hydrogen leakage. The high safety 
of such a storage form is primarily due to the fact that constant heat needs to be provided to 
ensure a stable flow of hydrogen, which, in case of an accident can be easily shut off.  

An optimal metal hydride apart from high storage density should also possess other properties 
that make it viable in automotive applications. Some of the crucial properties for an ideal 
metal hydride material are: 

• Low dissociation temperature (for hydrogen release) 
• Moderate dissociation pressure 
• Low heat of formation (energy required for hydrogen release) 
• Low heat evolution during charging 
• High hydrogen recovery during discharge 
• Efficient and easy reversibility  
• Fast kinetics 
• Resistance to O2 and other poisons (CO, CO2, N2) 
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• Long life time (high number of charging/discharging cycles) 
• High safety 

5.4.1.2 Classification of Metal Hydrides 
Various metals and metallic alloys are attractive options to form hydrides primarily because 
of their light weight and the number of hydrogen atoms per metal atom they can store. Metals 
like Lithium (Li), Beryllium (Be), Sodium (Na), Boron (B), Aluminium (Al), Magnesium 
(Mg) etc. have been the focus of intensive research the past few decades. Heavier metals are 
generally used in small quantities as catalysts or dopants to alter the metal hydride property.  

Metal hydrides can be classified into three categories as follows [14] [29] [31]: 

i. Mg-based hydrides 
• MgH2 has a high H2 capacity of 7.7 wt-%  
• Highest energy density of all reversible hydrides (9 MJ/kg Mg) 
• Low cost 
• Single stage decomposition (𝑀𝑔𝐻4 𝑠 ↔ 𝑀𝑔 𝑠 + 𝐻4(𝑔)) 
• High bond strength (75 kJ/mol) leading to high decomposition temperatures 
• Highly reactive to air and O2 

ii. Complex hydrides 
• Sodium, Lithium and Potassium alanates [AlH4]-  
• Amides [NH2]- such as lithium nitride (LiNH2) 
• Imides (Li2NH) 
• Borohydrides [BH4]- etc. 
• Two stage decomposition 

3𝑁𝑎𝐴𝑙𝐻f ↔ 𝑁𝑎g𝐴𝑙𝐻h + 2𝐴𝑙 + 3𝐻4 

																																							𝑁𝑎g𝐴𝑙𝐻h ↔ 3𝑁𝑎𝐻 + 𝐴𝑙 + g
4
𝐻4 

• Light weight and high hydrogen capacity but usage limited due to 
thermodynamic and kinetic limitations 

iii. Intermetallic compounds 
• General composition of ABnHx (prototypes shown in table 7) 
• A – rare earth or alkaline earth metal, B – transition metal 
• Properties can be altered according to requirements by appropriate 

combination of metals 
• Limited by their low gravimetric capacities of about 3 wt-% 

       

 

 

 

Eq. 10 

Eq. 11 
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Table 8 – Examples of intermetallic hydrides, their prototypes and structures [14] 

Intermetallic compound Prototype Structure 
AB5 LaNi5 Hacuke phase, hexagonal 
AB2 ZrMn2 Laves phase, hexagonal, 

cubic 
AB3 CeNi3 Hexagonal 
A2B7 Y2Ni7 Hexagonal 
A6B23 Y6Fe23 Cubic 
AB TiFe Cubic 
A2B Mg2Ni Cubic 

 

Table 9 – Metal hydrides of particular interest and their properties [25] 

Hydride Reversible capacity Heat of desorption Temperature for 1 
bar 

Interstitial MH 1-2 wt-% ~30 kJ/mol H2 
(~12.4 % of LHV) 

Near room 
temperature 

MgH2 7.6 wt-% ~74.5 kJ/mol H2 
(~30.8 % of LHV) 

300 °C 

Mg2NiH4 3.6 wt-% ~64.5 kJ/mol H2 
(~26.7 % of LHV) 

255 °C 

NaAlH4 (one step) 3.7 wt-% ~37 kJ/mol H2 
(~15.3 % of LHV) 

35 °C 

Na3AlH6 1.9 wt-% ~47 kJ/mol H2 
(~19.4‹% of LHV) 

110 °C 

NaAlH4 (two steps) 5.6 wt-% ~40 kJ/mol H2 
(~16.5 % of LHV) 

110 °C 

 

5.4.1.3 Improving MH charge/discharge kinetics 
As mentioned in 5.4.1.1, one of the major steps in absorption and desorption of hydrogen 
from a hydride is the diffusion of H atoms into the bulk of the metal lattice. The surface of the 
metal plays an important role in the overall charging/discharging kinetics. Presence of 
sufficient active sites on the surface, minimal resistance to diffusion of H atoms and 
elimination of poisons (O2, CO, CO2, NO2) is necessary to ensure a stable and long operation 
of the MH. This section gives a brief overview of a few methods aimed at bringing about 
considerable improvements to hydrogen absorption/desorption kinetics [29].   

Alteration of Surface Properties Through Ball Milling (BM) 
Metal surface plays a vital role in hydrogen uptake as it is responsible for the dissociation of 
hydrogen molecules into H atoms at the surface and the subsequent diffusion of the atoms into 
the bulk metal lattice. Presence of large number of active sites is thus crucial. In the early 
stages of hydriding, there is sufficiently large number of sites present; hence diffusion is not 
the rate limiting step. At this point, chemisorption is the rate limiting step. As the hydriding 
process continues, the hydride layer grows up to a point where an almost impermeable layer 
forms. At this stage, the diffusion through the hydride layer becomes the rate limiting step. 
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Ball milling is one technique that improves the surface properties and ensures optimum 
diffusion rates.  

Ball milling is a type of a grinding process that works on the principle of impact and attrition. 
Size reduction is done by impact as the balls continuously fall from near the top of the shell as 
shown in figure 27. 

 

                                                

                                Figure 27 – Ball Milling Process [32] 

Ball milling is the most widely used process for the production of metal hydrides. It is an 
economical process that offers certain advantages over the conventional metallurgical 
methods. The improvements in the surface properties brought about by BM are: 

a) Reduction in powder size resulting in increased surface area 
b) Formation of micro and nanostructures aiding the diffusion of H atoms  
c) Induced lattice defects both on the surface as well as the interior of the material 
d) Reduction in grain size (higher grain boundary density)  

The alterations in surface properties listed above result in considerable improvements such as 
faster absorption/desorption kinetics, lower activation energies, lower desorption temperatures 
and reduction in hysteresis. This can be seen in the following figures. 
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Figure 28 – (a) Hydrogen desorption curves depicting faster hydrogen desorption kinetics and 
lower activation energy (lower desorption temperature) for ball-milled MgH2 (white symbols) 
compared to unmilled MgH2 (dark symbols) at a pressure of 0.15 bar; (b) PCI curves 
depicting lower hysteresis for ball-milled MgH2 than the unmilled one at 623K [29] 

                       

Figure 29 – Desorption curves of Mg catalyzed with 0.1mol% Nb2O5 at 573K and vacuum 
depicting the importance of milling time. Longer the hydride is milled for,  

better the reaction kinetics [29] 

It has also been shown that hydrogenation during ball milling is advantageous. Ball milling 
under a hydrogen atmosphere leads to better hydrogen uptake as surface defects and 
deformities are formed simultaneously as the hydrogen is being absorbed. In another study, 

      (a)       (b) 
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ball-milling in the presence of organic additives such as cyclohexane, benzene etc. resulted in 
better kinetics due to charge transfer between the metal and aromatic carbon atoms.  

Cyclic Stability of Hydrides 

An important property of the hydride that makes it viable as a hydrogen storage medium is the 
ability to retain its reversible hydrogen storage capacity. Hydrides over the course of their life 
time are subject to numerous charging/discharging cycles. Hence, it is crucial that the hydride 
does not lose its capacity.  

Additives such as Chromium (III) Oxide, Vanadium (V), Nickel (Ni) etc. have proven 
effective in improving the cyclic stability of hydrides with minimal loss in storage capacity as 
can be seen in figure 30. 

 

                        

Figure 30 – A highly stable Mg-based hydride doped with Ni at 503-643 K and 4.0 bar; time 
for one full cycle = 3 hours [29]            

It was mentioned earlier that N2, O2, CO2 and CO are poisonous to metal hydrides. Resistance 
to poisons is crucial in prolonging their life time. O2 and N2 slow the rate of hydrogen 
absorption by competing with hydrogen to form an oxide and a nitride layer with the metal 
respectively. Presence of CO and CO2 on the other hand completely prevents hydrogen uptake 
by blocking the active sites on the metal surface. Elimination or reduction of these compounds 
during the manufacturing and operation of hydrides is thus very important.       

Effect of Catalyst Doping  

Doping a metal hydride with a small amount of a suitable catalyst has proven to be very 
effective in enhancing the absorption/desorption kinetics. It has been shown that minor 
additions in the order of 0.2 mol-% of a catalyst are sufficient to greatly improve the 
performance of the hydride.  
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Doping a hydride with a catalyst involves addition of nano sized particles of the catalyst onto 
the surface of the metal. These nano sized particles interact with hydrogen in different ways 
and enhance both the absorption and desorption rates. The catalysts found to be useful are 
Palladium (Pa), Nickel (Ni), Germanium (Ge), Vanadium (V), Chromium (Cr) and Titanium 
(Ti). 

Every catalyst works differently for example, hydrogen molecules have a strong affinity for 
palladium, nickel and readily dissociate at the surface. These catalysts are known to increase 
the absorption capacity and decrease both desorption and hydrogenation onset temperature. It 
was noticed that addition of 1 wt-% of Ni to a Mg based hydride resulted in an increase of the 
hydrogen absorption capacity by 50 %, a decrease in the hydrogenation onset temperature 
from 275 to 175 °C and decrease in the dehydrogenation temperature from 350 to 275 °C. 
Titanium and vanadium inhibit the oxidation of the metal or alloy surface hence providing 
hydrogen with sufficient active sites to diffuse into the bulk. The high cost of palladium is the 
major hindrance to its application. The effect of the addition of a catalyst can be seen in figure 
31. 

                                  

Figure 31 – Hydrogen desorption curves of ball-milled MgH2 doped with 5 wt-% vanadium 
(hollow symbols) and uncatalyzed MgH2 (solid symbols) under a hydrogen pressure of 
0.15 bar [29]                                                                

5.4.1.4 Metal Hydride Material Requirements for Automotive Applications   (Futuristic 
– DOE 2020 Goals) 
Metal hydrides for hydrogen storage although seem like a promising solution for the future, 
are still far from realistic applications especially in the transportation sector. Their application 
is mostly limited by their lower gravimetric capacities compared to other established storage 
technologies leading to very heavy storage systems and high desorption temperature 
requirements. Introduction of metal hydrides as a storage medium when switching over to a 
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hydrogen economy is the best done by using them for stationary applications (power to gas 
etc.) where their high weight does not pose a significant problem.  

However, via simulations and simplified assumptions, the requirements of a metal hydride 
capable of satisfying the DOE 2020 (0.055 kg-H2/kg and 0.04 kg-H2/L) targets can roughly be 
calculated. This section presents a very brief overview of the actual study performed. The 
interested reader is asked to look at reference [33] for more details.  

On-board Storage of a Metal Hydride  
One of the most important aspects of storing a metal hydride on-board a vehicle is to be able 
to quickly absorb/desorb hydrogen. Hydrogen supply to the fuel cell should be quick and 
consistent, and the refueling times for the metal hydride should be fast as well (within 5 
minutes for a full tank). To ensure this, it needs be seen that appropriate heat removal and heat 
supply technologies are available. When refueling, the metal lattice releases heat which needs 
to be continuously removed to enable quick absorption of hydrogen and hence quick 
refueling. For hydrogen desorption, the heat needs to be supplied in a short time to ensure a 
quick flow of hydrogen to the fuel cell and hence a smooth operation of the vehicle. Heat 
needed for hydrogen desorption depends on the enthalpy of formation of the metal hydride. 
Fuel cells operate at different efficiencies, but on an average, around 50 % of the fuel energy 
is liberated as waste heat. This corresponds to a waste heat of roughly 120.9 kJ/mol H2. Most 
of the fuel cells used currently are of the polymer electrolyte membrane type (PEM) and 
operate at a temperature of around 80 ºC. Hence, two configurations are possible. These are as 
follows [33]: 

1) Using a metal hydride capable of dehydrogenation entirely from using the waste heat 
of the fuel cell (low enthalpy of formation). 

2) Using a metal hydride that needs an external source of heat apart from the waste heat 
of the fuel cell (high enthalpy of formation). 

The above listed configurations are depicted in figures 32 and 33 respectively [33]. 
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  Figure 32 – Schematic diagram for an on-board MH system running entirely on fuel cell     
waste heat [33]    

                          

 

In the storage system shown in figures 30 & 31, the metal hydride is coupled with the heat 
exchanger. The heat exchanger used here is a shell-and-tube heat exchanger with the metal 
hydride located in the shell. The heat transfer fluid (coolant or heating fluid) passes through 
the tubes (shown in figure 34) resulting in an efficient heat transfer for the 
absorption/desorption process. 

Figure 33	–	Schematic	diagram	for an on-board MH system that needs a supplementary 
combustion loop alongside the fuel cell waste heat	[33] 
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Figure 34 – Representation of packing of MH within the heat exchanger (heat transfer fluid – 
tube side, MH – shell side) [33] 

Absorption and release of hydrogen from metal hydrides is a thermodynamic process. Factors 
such as equilibrium pressure and temperature play an important role. Figure 35 graphically 
represents the dependence of equilibrium pressure on the temperature for two different sets of 
metal hydrides.  

                    

Figure 35 – Equilibrium pressure as a function of temperature for hydrides of different 
enthalpies of formation (a) complex metal hydrides, (b) destabilized systems [30] 
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On the basis of simulations and tests, a conclusion was made that a metal hydride with an 
enthalpy of formation of 30 kJ/mol requiring a temperature of 60 °C to desorb all the 
hydrogen could run entirely on the waste heat from the fuel cell. Therefore, a material with 30 
kJ/mol enthalpy and 11wt-% capacity could be built into a system that satisfies the 2020 
weight and volume targets. As this system would require no additional source of heat, it 
automatically satisfies the 90 % on-board efficiency target.  

From figure 35, it can be seen that a material with an enthalpy of 31.7 kJ/mol operating at the 
minimum pressure of 5 bar would need a desorption temperature of about 60 ºC. If the 
desorption temperature was to increase to 72 ºC to ensure all hydrogen was released, the 
system goes from no hydrogen combustion to about 14 % thus falling short of the 90 % on-
board target efficiency. This phenomenon becomes even worse with materials with enthalpies 
higher than 30 kJ/mol. A higher enthalpy material, due to its higher equilibrium pressure 
(figure 35), will need a higher temperature to desorb the hydrogen. Hence, a higher 
percentage of the on-board stored hydrogen needs to be combusted leading to lower 
efficiencies. This can be seen in figure 36. 

                     

Figure 36 – Fraction of the total hydrogen on-board that needs to be combusted as a function 
of the MH tank temperature [33] 

Figure 37 shows graphically some of the metal hydrides known to us today. The blue and 
green boxes depict an optimum property area. A metal hydride falling under those boundaries 
can be built into a system with minimal balance of plant components that will satisfy the DOE 
2020 targets.  
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Figure 37 – Enthalpy and gravimetric capacities of various known metal hydrides. An on-
board system satisfying the DOE 2020 targets can be built with a metal hydride falling under 
the blue or green boxes which till date have not been found [33] 
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Figure 38 shows the weight and volume distribution of an on-board metal hydride system 
both with and without a combustion loop.  

           

 

 

Figure 38 – (a) Weight and volume breakdown of a system consisting of a MH of 11wt-% 
capacity and ΔH = -27 kJ/mol-H2. This system runs entirely on the fuel cell waste heat; (b) 
Weight and volume break down of a system requiring a supplementary combustion loop. The 
MH properties are 17wt-% capacity and ΔH = -40 kJ/mol-H2 [33] 

As can be seen from figure 37, the heaviest and the largest component of the on-board storage 
system is the metal hydride. The system becomes considerably bulkier and occupies more 
volume if a combustion loop is to be added as well. 

A cost breakdown of the on-board MH system is shown in figure 39. This cost breakdown is 
for a metal hydride hydrogen compressor but will almost be similar to on-board storage 
system. 

(a) (b)
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               Figure 39 – Cost breakdown estimations for two different MH systems [30] 

It can be seen from figure 39 that the metal hydride and the container are the two most 
expensive parts of a MH system. Finding cheap metal hydrides can considerably reduce the 
costs. 

Metal Hydride Storage Containers 
Two crucial properties to be taken care of when engineering a storage container for the metal 
hydride are: 

I. Good heat transfer characteristics 
II. Adequate space provided for metal expansion/contraction 

MH containers can either be externally cooled or internally cooled. The possible 
configurations are shown in figure 40. 
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Figure 40 – Two possible configurations of MH containers with (A) external cooling and (B) 
internal cooling. The various parts of the containers are: 1 – gas-proof containment, 2 – MH 
bed + heat transfer matrix, 3.1 – hydrogen inlet/outlet pipeline, 3.2 – gas filter, 4 – external 
heating/cooling jacket (A) or inner heat exchanger tube (B), 4.1/4.2 – input and output of heat 
transfer fluid [30] 

High heat transfer rates are essential to achieve quick absorption/desorption of hydrogen from 
the hydride. Heat transfer within a MH container can be improved in a number of ways. This 
can be done for e.g. by addition of fins to the container, mixing MH with thermally expanded 
graphite (TEG) powder etc. as shown in figure 41. 
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Figure 41 – Improvement of heat transfer in a MH container. The components are: 1 – 
containment, 2 – MH powder, 2a – MH powder mixed with TEG, 3 – gas filter, 4 – gas 
connector, 5 – transversal fins, 6 – longitudinal fins, 7 – inner heat exchanger tube [34] 

The second important property of a MH container is to have sufficient void space 
compensating for the metal expansion and contraction. If the MH powder does not have 
sufficient space to expand, it leads to build up of stress that can eventually deform or damage 
the container as shown in figure 42. 

                          

Figure 42 – Permanent deformation (swelling) of a 316L stainless steel vessel due to lack of 
adequate space for MH expansion/contraction [30] 

Tests have shown that taking these expansion/contraction cycles into consideration, a void 
space of about 15 % is sufficient. Free space less than 15 % can lead to high wall stress as can 
be seen from figure 43. 
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                         Figure 43 – Effect of free space on container wall stress [35] 

Start-up of an On-board MH System 
A question to wonder about in the MH loops mentioned earlier (figure 30, 31) is how the 
system starts up. In such a case, the presence of a hydrogen buffer is required which can 
initially be provided to the fuel cell to start the process and thus generate the fuel cell waste 
hear required for hydrogen release from the hydride. Another way of doing this is to use 
hybrid systems comprising of a MH and compressed gas hydrogen storage together. In such a 
system the compressed gas is used as the fuel first before the MH takes over. This on-board 
stored compressed gas can be used for the fuel cell start up and can also be used in the 
combustion loop if extra hydrogen is required for high enthalpy hydrides. A schematic of such 
a system is shown in figure 44. 
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Figure 44 – Hybrid on-board system comprising of compressed gaseous hydrogen and MH 
storage. The components are: 1 – MH container, 2 – CGH2 tank, 3 – pressure reducer, 4 – H2 
recharge valve, 5 – heat exchanger, 6 and 10 – air-liquid heat exchangers, 7 – fan, 8 – 
expansion tank, 9 -  circulation pump, 11 – fuel cell stack [36] 

Energy Efficiency of Different Storage Forms 
Table 10 compares the hydrogen storage efficiencies of different storage methods. The 
columns are to be understood as follows: 

• Energy available onboard – refers to the amount of hydrogen that can be liberated 
when heat at 25 °C is used. The quantity in the bracket refers to the temperature 
needed for the heat source to be at in order to liberate almost all of the stored 
hydrogen.  

• Energy used for storage process – refers to the energy spent to store hydrogen in the 
given form (compression, liquefaction or charging a hydride).  

• Round trip efficiency – refers to the overall efficiency of the entire cycle (storage + 
release of hydrogen). 

For simplification of calculations, thermal energy losses, pumping losses etc. are omitted. 
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Table 10 – Energy efficiency of various storage forms. Thermal energy losses, pump work 
etc. may reduce the practical efficiencies further [25] 

System 

Energy 
available 

onboard (% 
of stored H2) 

Energy used for 
storage process (% of 

LHV of stored H2) 
Round Trip Efficiency 

At 25 °C Theoretical 
minimum Practical Theoretical 

minimum Practical 
Compressed 

200 bar 100 % 5.4 % 10 % 94.9 % 91 % 
Compressed 

800 bar 100 % 7.3 % 15.5 % 93.2 % 87 % 
Liquid hydrogen ~100 % 11.8 % 40 % 89.4 % 71 % 

Interstitial 
hydride 

88 % 
(100 % @ 
~50 °C) 

3 % 5 % 
85.4 % 

(97 % @ 
~50 °C) 

84 % 
(95 % @ 
~50 °C) 

MgH2 
69.2 % 

(100 % @ 
~300 °C) 

0 % 5 % 
69.2 % 

(100 % @ 
~300 °C) 

66% 
(95 % @ 
~300 °C) 

Mg2NiH4 
73.3 % 

(100 % @ 
~255 °C) 

0 % 5 % 
73.3 % 

(100 % @ 
~255 °C) 

70 % 
(95 % @ 
~255 °C) 

NaAlH4 
83.5 % 

(100 % @ 
~150 °C) 

4.8 % 8 % 
79.7 % 

(95 % @ 
~150 °C) 

77 % 
(93 % @ 
~150 °C) 

NaBH4 + water 100 % 22 % Very high 82 % Very low 
 

As can be seen from table 10, MHs can be highly efficient although factors such as high 
temperature for desorption, low gravimetric densities etc. pose a hindrance to their 
commercialization. Continuous research to find better hydrides is needed or to improve the 
characteristics of the ones already found till date. Liquid hydrogen, despite having a high 
volumetric capacity is the least energy efficient and hence cannot be used as a long term 
solution to necessitate a shift to hydrogen based economy. 
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6. Hydrogen Distribution 
For hydrogen to be used at refueling stations, it either needs to be brought to the station or 
produced on-site. On-site production is generally very expensive due to it being a small scale 
production. Hence, for most of the refueling stations in operation today, hydrogen is produced 
at a centralized facility and then distributed as per the requirement.  

The three major options of distributing hydrogen currently present are: 

1.  Gas trailer – hydrogen is compressed to moderate pressures of about 200 bar, stored 
in small vessels and then transported. AGA transports hydrogen to their Arlanda 
hydrogen refueling station using gas trailers called swap bodies. Hydrogen is stored 
under 200 bar in 50 L bottles. Each swap body can have up to 3 vessels. Each one of 
these vessels holds up to 147 of the 50 L bottles. Hence, total hydrogen transported per 
swap body = 3*147*50 L. 

2. Liquid tanker – hydrogen is liquefied and stored in cryogenic vessels. It is then 
transported in usual tankers. 

3. Pipeline – hydrogen is transported through a pipeline infrastructure in a similar 
fashion as natural gas. 

Costs of distribution vary depending on the amount of hydrogen being distributed. Liquid 
hydrogen transportation is the cheapest amongst the three options stated above although the 
production costs go up significantly then. Presently, the most common used method is 
distribution using gas trailers. The trend will remain this way in the coming years unless there 
is a major technology breakthrough lowering liquid hydrogen production costs and hence 
liquid tankers will become the preferred choice. 

Pipelines, as a mode of distribution, are only effective over really long distances (cross 
countries/continents etc.) and when large volumes of hydrogen are being dealt with. 
Gradually, as hydrogen is slowly introduced into the economy, the volumes of hydrogen 
produced and required will increase. Hence, in the future, a dedicated hydrogen pipeline 
infrastructure can be built and put in place to handle large volumes of hydrogen. Hydrogen 
production and distribution trends can be seen in figure 45. 
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Figure 45 – Generalised hydrogen production, distribution and delivery costs.  
Forecourt refers to on-site hydrogen generation [37] 
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7. Gas Cleaning 
One of the most important components of the hydrogen value chain is the conversion of 
hydrogen. Presently, this is done in fuel cells. The quality of the gas going into the fuel cell is 
very crucial as it greatly affects its performance.  

The quality of the gas depends on the source of the gas. Hydrogen, as stated earlier, can be 
produced through a variety of non- renewable routes such as reforming of natural gas, shale 
gas, syngas from gasification of coal etc. Renewable routes like biomass gasification and 
excess electricity are also used to produce hydrogen, though in very small proportions as 
compared to conventional sources.  

Electrolysis produces the cleanest gas. Depending on the water used, gas produced from 
electrolysis almost never needs to be cleaned further. Hydrogen derived from other pathways 
can contain impurities that need to be removed before the gas enters the fuel cell.  

The chemically most active part of the fuel cell, the catalyst, is the most sensitive to 
impurities in the feed gas. Catalysts can be deactivated (reversible) or degraded (non-
reversible) depending on the contaminant and its concentration in the feed to the fuel cell. 
Catalysts used in Low Temperature Fuel Cells (LTFC’s) such as Platinum (Pt), Ruthenium 
(Ru) are more prone to degradation from impurities than the inexpensive catalysts used in 
High Temperature Fuel Cells (HTFC’s) such as Nickel (Ni), Copper (Cu), Iron (Fe) etc. 
Hence, pollutants in the feed gas affect the fuel cells differently [38]. LTFC’s are the most 
commonly used fuel cell type in hydrogen run cars and so they will be given more importance 
with respect to pollutants and their effects. 

7.1 Pollutants and Their Impact 
Pollutants in the hydrogen feed gas to the fuel cell varies considerably along with the source 
of hydrogen production. In general, the compounds most toxic to a fuel cell are [38]: 

• Carbon Monoxide (CO) 
• Carbon Dioxide (CO2) 
• Sulphur (S) 
• Halogens (Chlorine etc.) 
• Methane (CH4) 
• Nitrogen (N2) 
• Steam 
• Tar 
• Particulate Matter (PM) 
• Alkali compounds 
• Siloxanes 

Again, depending on the hydrogen production process and the feedstock for hydrogen 
production, the above listed pollutants can vary in concentrations. On an average, the inlet 
molar composition of the gas into the cleaning stages is roughly 65-80 % H2, 15-25 % CO2, 2-
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6 % CH4 and1-4 % CO. Other contaminants like S, halogens, N2 etc. constitute the remaining 
1 % [38]. 

Each of the above mentioned pollutants and its impact on the fuel cell are briefly mentioned. 

• CO 

             - Unproblematic for HTFCs; CO even acts as a fuel 

             - For LTFCs, CO bonds irreversibly to Pt and deactivates it 

• CH4 and higher hydrocarbons 

               - In general for HTFCs, can act as a fuel as they are cracked/reformed to H2 and CO 
at high temperatures 

             - However, highly reactive substances with C=C like ethylene can deposit on Ni 
catalysts 

              - For LTFCs, they are poisonous as they are susceptible to catalytic reforming to H2 
and CO 

• CO2 

              - By itself is not problematic 

              - Fuel diluent 

              - RWGS reaction can cause it to react and produce CO (induced by Pt) 

• N2 

                - Mostly neutral due to low reactivity 

                - Fuel diluent 

• Steam (H2O) 

                - Needed in small amounts to humidify the electrolyte for conducting H+ ions 

                - Fuel diluent in higher concentrations 

                - In HTFCs, it can lead to re-oxidation of anode catalyst  

 

Trace Gas Components 

• Tars 

             - Cyclic aromatics/aromatics larger than benzene 
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             -  Can condense at low temperatures resulting in blocking of pipes, filters etc. 

             - For HTFCs, can lead to carbon deposition on catalyst 

             - For LTFCs, can be catalytically reformed to CO 

• PM 

             - ashe and unconverted carbon particles 

             - can cause blocking of feeding pipes and pores of FC anodes 

• Alkali compounds 

             - Not present in gas phase at low temp; hence not problematic for LTFC’s 

             - For HTFC’s, deposition and corrosion of stack components and cell material 

• Sulfur compounds 

              - present in the form of H2S, carbonly sulfide (COS), Sox 

              - present in almost all gas sources except for clean gas from electrolysis 

              - performance loss due to deactivation or degradation of catalyst 

• Halogen compounds 

              - induce formation of halides of catalyst metals hence deactivating them 

              - For HTFCs, halides of Ni have lower melting point that operating temperature thus 
causing loss of anode material 

• Siloxanes 

              - For HTFCs leads to deposition of silicon compounds on catalyst material 

7.2 Hydrogen Purity Requirement 
The purity requirement of the inlet hydrogen essential for a smooth operation of fuel cell is 
very stringent. The hydrogen gas needed is called the purity grade 5.0; which basically means 
a purity of 99.999 % [38] [39]. To achieve this purity, roughly, the following pollutant level 
requirements have to be met as shown in table 11. 
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           Table 11 – Pollutant level requirements for safe operation of fuel cells [38] 

Contaminant Typical limit for LTFCs Typical limit for HTFCs 

PM Unknown 1 ppm 

Sulfur compounds 0.1-1 ppm 1 ppm 

Alkali metals Unknown 1-10 ppm 

Halogen compounds 1 ppm 10-100 ppm 

Siloxanes Unknown <1 ppm 

Tars Unknown <100 mg/Nm3 

CO 5-50 ppm - 

CO2 1 % - 

Nitrogen compounds <10 ppm - 

 

As mentioned earlier, pollutants affect LTFC’s and HTFC’s differently and hence table 10 has 
two separate columns. HTFC’s are more tolerant to contamination and subsequently can 
withstand higher concentrations than their counterpart.  

7.3 Cleaning Technologies 
AGA is looking into purchasing hydrogen within Sweden for their upcoming refueling 
stations for the Green Highway project (Trondheim-Östersund-Sundsvall). This project is still 
at a theoretical stage and far from reality. Instead of setting up their own production plant, it is 
a lot cheaper to purchase hydrogen from other companies present locally that have an 
overcapacity of hydrogen. The options available to AGA are: 
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                             Table 12 – Hydrogen overcapacities in Sweden 

Pollutant Akzonobel (Stockvik) 
mole-ppm 

Nynas 
(Nynäshamn) 

Borealis 
(Stenungsund) 

mole-ppm 

Oxygen 6.5  - - 

Moisture 23 - - 

Methane 33 - 1.8 

Nitrogen 1080 - 140-190 

Carbon monoxide 0.64 CO + CO2 ~10 ppm < 0.05 

Hydrogen sulphide Below detection limits - - 

Chlorine Below detection limits - - 

Carbon dioxide Not analyzed - < 0.1 

 

The gas cleaning stages to be applied depend on the impurities present. Generally, gas 
cleaning is subdivided into two different categories: 

Ø Cold gas clean-up (CGC)  

                         - T ≤ 80 ºC 

                         - mainly based on liquid scrubbing technology and adsorption processes 

                            - lower overall efficiency and exergy losses especially if the gas needs to be 
re-heated  

Ø Hot gas clean-up (HGC) 

                         - T~200-1000 ºC 

                         - focuses mainly on removal of PM and tar 

HGC is beneficial if the gas is to be used in HTFCs such as solid oxide fuel cells (SOFCs). 
Similarly, CGC would be better if the hydrogen is to be used in polymer electrolyte 
membrane (PEM) fuel cells. In most cases though, a combination of stages is required to treat 
the different impurities present in the feed gas.  

HGC is generally employed as the initial clean-up step. This is done to remove PM, dust, tar 
etc. to make sure they do not continue to downstream cleaning processes as they can 
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negatively impact cleaning equipment thus reducing their efficiency and life time. Most of the 
HGC steps are based on the principle of physical separation based on inertia. 

A few cleaning steps are suggested to remove some of the common contaminants mentioned 
earlier [38]. 

Particulate Matter 

Figure 46 provides an overview of cleaning technologies for the removal of PM. Cyclones 
work on the principle of density separation & centripetal acceleration. Separation efficiencies 
up to 99.6 % have been achieved. Filters utilize barrier separation that work on the 
mechanism of diffusion, inertial impaction, gravitational settling and direct interception. 
Electrostatic precipitators (ESP’s) work on the principle of charge separation. These 
technologies are not described in detail and the interested reader is re-directed to the original 
source.  

 

 

 

 

 

 

 

 

 

 

 

                           Figure 46 – Overview of PM removal technologies 

 

Alkali Components  
Removal of alkali compounds in early treatment stages is a must as they are highly corrosive 
upon condensation and can severely damage downstream stages. Alkali compounds can be 
condensed at temperatures below 600-650 °C. Above this temperature, for example in GHC, 
getter materials have to be applied that can withstand high temperatures and possess a high 
adsorption rate and loading capacity for alkali compounds. Materials such as bauxite, 
aluminium oxide (Al2O3), and silica may be used as the appropriate getter materials. Figure 
47 summarizes the options for alkali removal. 

Particulate removal 

         Filters         Cyclones Electrostatic precipitators 

   

  Granular  filter
  

 Fabric filters  Rigid filter 

Ceramic candle
  

 Metallic candle  Moving bed
  

  Fixed bed
  



 73 

.  

 

 

 

 

 

                          Figure 47 – Overview of alkali removal technologies. 

 

Tar Removal 
Figure 48 summarizes the options for tar removal. Catalytic reduction refers to the in-situ 
destruction of tar during hydrogen production using a catalytic bed. In CGC, tar can be 
removed using scrubbers where rapeseed methyl ether (RME) or bio-diesel are the two most 
widely used scrubbing liquids. In HGC, thermal cracking or partial oxidation (steam 
reforming) can be used. 

 

 

 

 

 

 

 

 

                                Figure 48 – Overview of tar removal technologies 

 

Sulphur Compounds 
Sulphur is most commonly present in the form of sulphur dioxide (SO2) or hydrogen sulphide 
(H2S). SO2 is a major environmental pollutant and hence needs to be removed, whereas 
presence of H2S can lead to downstream process failures and lifetime reductions of equipment 
and catalysts. Moreover, sulphur is an important element that can be used in other industrial 
applications thus making its recovery more valuable. Sulphur removal can be subdivided into 
wet processes and dry processes. Wet processes include chemical scrubbing using agents such 
as methyl-diethanolamine (DEA), sodium hydroxide (NaOH) etc. or physical scrubbing based 

  Alkali removal 

 Co-Condensation Gas-phase adsoprtion 

     Tar removal 

 Thermal cracking       Scrubbers   Catalytic reduction 

 External heat source Partial oxidation 
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on methanol or poly-(ethylene glycol). Dry processes is based on the principle of adsorption 
(chemical and physical) based on materials such as zinc (Zn), manganese (Mn), cobalt (Co), 
vanadium (V) etc. Figure 49 summarizes the options for sulphur removal. 

 

 

 

 

 

 

 

 

 

 

 

 

                              Figure 49 – Overview of sulphur removal technologies 

Once the initial pollutant specific cleaning stages are applied, the hydrogen gas stream 
contains impurities such as CH4, CO, CO2, H2O and small amounts of N2 depending on the 
source of the hydrogen. Final polishing stages are required to push up the purity beyond 99%. 
The options for the final polishing stage are: 

• Membrane cleaning 
• Pressure Swing Adsorption (PSA) 

Each one of these options has its own advantages and disadvantages. The following sections 
briefly discuss each one of them separately. 

7.3.1 Membrane Cleaning 
Membranes have been used industrially for many years now. It is a well-developed 
technology that stands out for its economic benefits. The most common type of membrane 
used for hydrogen purification presently is the hollow fiber module [38] [40]. They work on 
the principle of selective permeation. Each membrane is made up of millions of polymeric 
hollow fibers with internal diameters ranging from 40-500 µm and external diameter in the 
range 80-800 µm. Gases have molecules of varying sizes. Depending on the size of the gas 
molecules and that of the polymeric fibers, gases either permeate through the membrane or 
are held back in the retentate stream as shown in figure 50. 

     Sulphur removal 

 Thermal cracking   Catalytic reduction 

 External heat source Partial oxidation      Adsorption 

 Physical  Chemical 
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               Figure 50 – Size based exclusion principle of hollow fiber modules [40] 

 

Gases that permeate quickly are called fast gases, the relatively slower ones called slow gases. 
Gas permeation hierarchy for hollow fiber membranes is as follows: 

                                N2/CH4 < O2 < H2S < CO2 < H2/He < H2O 

                 

 

Membranes are flexible in operation and can operate in either cross flow or counter flow 
designs. A schematic representation of a hollow fiber module is shown in figure 51. 

 

 

Gas Permeation Rate 
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                               Figure 51 – Working of a hollow fiber module [38] 

Air liquide has commercialized the hollow fiber membrane technology and the overview of 
their process is depicted in figure 52. 

 

 Figure 52 – Schematic representation of Air Liquide’s membrane cleaning process [40] 

Membrane cleaning can lead to purities up to 99.9 % and hydrogen recoveries up to 98 %. 
Multiple membrane modules can be operated in parallel and the process can be adjusted easily 
to meet the purity demands.  

                             Table 13 – Pros and Cons of Membrane technology 

                                         Hollow fiber membrane cleaning 
Advantages Disadvantages 

No moving parts Purity grade 5.0 not achievable 
Easy installation and scale up Periodic cleaning and replacement of 

membranes 

Compact and low capital cost system  
High area to volume efficiency  
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7.3.2 Pressure Swing Adsorption (PSA) 
A PSA unit is generally used as the final cleaning stage. It is a very robust technology that can 
achieve purities of 99.999 % and handle flowrates ranging anywhere from 30-400,000 Nm3/h 
[38] [41]. PSA has a lower hydrogen recovery of around 90 % compared to membranes 
although they can achieve higher purity which is essential for fuel cells. The capital cost of a 
PSA unit is approximately 10 % of the total cost of a hydrogen production plant. 

Basics of PSA 
PSA, as the name suggests, works on the principle of adsorption. Thus, when a 
multicomponent stream is passed through a PSA column, the impurities are adsorbed onto a 
solid surface and hence can be separated from hydrogen resulting in a pure outlet stream 
(figure 53). The amount of impurity adsorbed increases with pressure and decreases with 
temperature. The feed gas into the PSA unit generally consists of CH4, CO, CO2, H2O as other 
pollutants have been treated in the earlier stages.  

              

Figure 53 – A simple representation depicting the inflow and outflow  
of streams in a PSA unit [38] 

A combination of adsorbents is thus generally employed in each column to treat these 
impurities. Every adsorbent has different affinity to each impurity and this plays an important 
role in their positioning within the column. The most commonly used adsorbents are: 

a) Alumina: located mainly at the bottom of the column to retain water. Silica can 
be used to remove water too, but alumina has a higher loading capacity. 

b) Activated carbon: can actively adsorb all contaminants; order of removal - 
H2O>CO2>CH4>CO 

c) Zeolites: most often placed at the top of the column to adsorb CO and reduce 
the concentration to lower than 10ppm. Zeolites adsorb H2O and CO2 more 
actively than CO. Hence, other adsorbents are placed lower in the column to 
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ensure that when the gas reaches the zeolites, it mostly comprises of H2 and 
CO.  

Adsorption isotherms for two adsorbents are shown in figure 54 & 55. It can be seen from the 
figure that both activated carbon and zeolites have the maximum affinity for CO2 and the least 
for H2. Lower affinity for H2 results in higher recovery rates. 

 

           

                       Figure 54 – Adsorption isotherm for activated carbon at 303 K [38] 

 

           

                              Figure 55 – Adsorption isotherm for zeolite at 303 K [38] 
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Steps in a PSA cycle 

A PSA cycle consists of four stages [38] [41]: 

1) Adsorption – contaminants from the stream are adsorbed on to the different layers of 
adsorbents. The output stream consists of de-contaminated hydrogen. This stage of the 
process operates under the highest pressure resulting in better adsorption. 

2) Counter-current blowdown – The column with the adsorbed pollutants is now de-
pressurized to remove them from the adsorbents. This step stops when the pressure is 
lowered to the lowest pressure in the system.  

3) Counter-current purge – after the initial desorption of contaminants, the column is 
purged counter-current wise with hydrogen. This purging step reduces the partial 
pressure of the contaminants thus aiding in further desorption. This step is performed 
at a low pressure too to make sure ensure that minimum amount of hydrogen gets 
adsorbed.  

4) Pressurization – is the last step of the cycle. It pressurizes the column again to 
recondition the column for the step 1 of adsorption. The column goes from a low 
pressure to the highest pressure of the system in this step and the entire cycle repeats 
itself. 

Figure 56 is a schematic representation of a compact pressure swing adsorption (CPSA) 
process. It can be assumed as four separate adsorption columns working in a single unit. 
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        Figure 56 – Schematic of a conventional PSA cycle using four adsorption columns [41] 
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To sum up, PSA is a very efficient technology that can produce very pure hydrogen. The 
operating costs of a PSA unit are known to be modest too, the only cost incurred from 
pressurization step and the purchasing/replacement of adsorbents.  

For AGA, it is suggested that for hydrogen from Nynäs and Borealis which are relatively 
cleaner than the gas from Stockvik, a PSA unit with multiple adsorption columns should 
suffice to achieve the desired purity grade of 5.0. Membranes can be used prior to a PSA unit 
which can reduce the load on the PSA unit in terms of fewer columns and less adsorbents 
needed. A thorough economic feasibility analysis should be performed to determine this. Gas 
from Stockvik contains more impurities such as chlorine and H2S, hence requiring additional 
initial cleaning stages before membranes and a PSA unit are needed. The choice of these 
additional stages will depend on the available technology and the economics related to it. 
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8. Power to Gas (P2G) 
Power to gas is a mature technology that converts electrical power to gas fuel. The excess 
power or off-peak power generated by wind generators or solar panels can be converted to a 
gaseous fuel like hydrogen which can be stored and used at a later time for load balancing in 
the energy grid. 

The efficiency of P2G round trip efficiency is below 50 %, but using cogeneration plants to 
produce electricity and heat, the efficiency can be raised up to above 60 %. The hydrogen 
produced can either be injected into the natural gas grid or can be used in transportation or 
other chemical and petrochemical industries. The limit to hydrogen that is permissible to be 
mixed with a natural gas stream is two percent by volume. 

The core part of the P2G system is an electrolyzer. Other options apart from storing hydrogen 
are to react it to form methane via a Sabatier reaction or production of syngas via reverse 
water shift gas reaction (RWSGR). This methane can then be injected into the natural gas grid 
too.  

Hydrogen produced from P2G can be stored in several ways. Metal hydride storage can be 
introduced in this manner. One of the major drawbacks of using MH’s is their low gravimetric 
capacities leading to heavy weights in their applications. For stationary storage, the 
restrictions on weight are not as stringent as for automobile applications. Hence, MH’s can be 
introduced into the economy through this channel while MH’s with optimum properties for 
use in transportation sector are being researched continuously.  
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9. Conclusion 
The primary aim of this project was to identify the possibilities of using hydrogen as a 
potential energy carrier in the future. Transportation sector is a major cause of pollution and 
global warming; hence starting with replacing fossil fuels with renewable sources of energy 
will come a long way in improving the current situation of the environment throughout the 
world. The primary focus of this study was using hydrogen in the transportation sector. It is 
concluded that the present status of storage technologies will continue to dominate the market 
in the near future although they are far from satisfying the ultimate targets set by 
organizations such as DOE. Other novel methods of storage like storage in metal hydrides 
appear to be the near to mid-term solution due to their apparent disadvantages. It was also 
concluded that the current metal hydrides are not sufficient to meet the target; hence their 
introduction through stationary storage seems more likely. Long term solutions include 
chemical hydrogen storage in the form of slurries and advanced solid state storage comprising 
of carbon nanotubes. For them to be able to commercialized, a lot of improvements and 
engineering efforts are needed. Hydrogen distribution is currently done through gas trailers 
and liquid tankers, gas trailers being the most cost effective solution. In the future, once the 
gradual shift from fossil fuel based economy to hydrogen based starts, appropriate pipeline 
infrastructure can be built to handle large volumes of hydrogen. The gas purity demands for 
fuel cell applications are very stringent requiring up to 99.999 % purity, also known as purity 
grade 5.0. AGA can purchase hydrogen from three sources within Sweden. As they do not 
meet the purity standards, the gas needs to be cleaned using a combination cleaning 
technologies including a PSA unit as a polishing stage. 

The present status of the various components of the hydrogen infrastructure is shown in figure 
57. The technologies expected to be commercialized by 2040 are also depicted on the right 
side.  



 84 

 

Figure 57 – Present status and expected future technologies of various components of the 
hydrogen energy infrastructure [10] 
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10. Suggestions for Future Work 
This study carried out in association with AGA AB is a theoretical study focusing a lot on 
transportation sector. Future work should focus on a broader picture of hydrogen energy 
related systems with the possibilities of integrating various sectors. Energy models should be 
developed to simulate the introduction of hydrogen in to the economy. Thorough economic 
analysis needs to be performed to better understand the kind of infrastructure needed to 
gradually shift from using fossil fuels to cleaner sources of energy. Implementation of strict 
legislations and policy frameworks will aid this transition. Collaborative research and joint 
efforts of leading organizations in this field is a must for better R&D for looking in to novel 
carriers for the future and improving the current technologies for example improving current 
storage vessels. Future work should focus heavily on studying hybrid systems as they are the 
most optimum route of introducing new technologies in to the market. These hybrid systems 
can be of the form of merging two different technologies, for example a hybrid car running on 
both electricity and hydrogen. Other hybrid systems can emerge from different options within 
a technology, for example a car running on hydrogen stored both in gaseous form and in metal 
hydrides. As for the gas cleaning, the gases from Stockvik, Borealis and Nynäs should be 
analyzed internally at the AGA lab in Enköping to confirm the pollutant concentrations that 
we have from previous analyses. AGA should then perform lab scale studies building small 
units (PSA, membranes etc.) to test the efficacy of these technologies gases in cleaning the 
gases they want to purchase. These can then be scaled up to set-up an industrial scale plant 
near Sundsvall which can act a source of clean hydrogen for the up-coming refueling stations 
for the Green Highway project.  
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