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are needed for the combustion engine version or 4 kg hydrogen for 
an electric car with a fuel cell.

Hydrogen is a molecular gas. At room temperature and 
atmospheric pressure, 4 kg of hydrogen occupies a volume of 45 m3.
This corresponds to a balloon of 5 m diameter — hardly a practical
solution for a vehicle (Table 1). In the following we will focus on 
the question of compacting hydrogen, looking at the materials, tech-
nology and safety aspects (Fig. 1).

Conventional hydrogen storage
Classical high-pressure tanks made of fairly cheap steel are tested up to
300 bar and regularly filled up to 200 bar in most countries. To store
our 4 kg hydrogen still requires an internal volume of 225 litres (about
60 gallons) or 5 tanks of 45 litres each. Novel high-pressure tanks made
of carbon-fibre-reinforced composite materials are being developed;
these are tested up to 600 bar and filled up to 450 bar for regular use.
But they need a special inert inner coating to prevent the high-
pressure hydrogen reacting with the polymer. Consequently, another
approach is to use hydrogen-inert aluminium tanks and to strengthen
them with external carbon-fibre coatings. Spherical containers slight-
ly smaller than 60 cm in diameter would be able to carry our 4 kg, but
for practical fabrication a cylindrical shape is preferred. 

These high-pressure containers, when full, would contain about
4% hydrogen by mass, but with significant disadvantages: the fuel
would be available at a pressure dropping from 450 bar to zero over-
pressure, so additional pressure control would be essential. 
High-pressure vessels present a considerable risk — the compression
itself is the most dangerous and complicated part. In Japan such 
vessels are prohibited on the roads in ordinary cars. .

Condensation into liquid or even solid hydrogen is, of course,
particularly attractive from the point of view of increasing the mass

per container volume. The density of liquid hydrogen is 70.8 kg m–3

(70.6 kg m–3 for solid hydrogen). But the condensation temperature
of hydrogen at 1 bar is –252 7C and the vaporization enthalpy at the
boiling point amounts to 452 kJ kg–1. As the critical temperature of
hydrogen is –241 7C (above this temperature hydrogen is gaseous),
liquid hydrogen containers are open systems to prevent strong 
overpressure. Therefore, heat transfer through the container leads
directly to the loss of hydrogen. Larger containers have a smaller sur-
face to volume ratio than small containers, so the loss of hydrogen is
smaller. The continuously evaporated hydrogen may be catalytically
burnt with air in the overpressure safety system of the container or
collected again in a metal hydride. (Solid hydrogen is a molecular
insulating solid; under high pressure it transforms into metallic, 
possibly even superconducting hydrogen4 with Tc of 200–300 7C.) 

Cryotechniques for cooling and superinsulated low temperature
storage units were developed and proven in space technology. Liquid
hydrogen is a fuel in the launching process of the Space Shuttle and in
Ariane. A Lockheed military-type aircraft and a Tupolev supersonic
aircraft have been flown with engines fuelled by liquid hydrogen.
BMW have built an automated liquid-hydrogen filling station, and
developed and tested several cars running with hydrogen in newly
designed vessels to reduce losses by evaporation to below 1.5 mass%
per day(BMW, personal communication).

Hydrocarbons with a molecular mass of at least 60 g mol–1 are 
liquid at room temperature with a density close to 1,000 kg m–3. The
number of hydrogen atoms per carbon atom can vary in hydrocar-
bons owing to their ability to change from s-bonds to p-bonds.
Hydrocarbons can be burnt completely by oxidation of carbon into
CO2 and of hydrogen into H2O; some can also be considered as a 
liquid storage medium for hydrogen if they can be hydrogenated and
dehydrogenated; that is, if their ratio of hydrogen to carbon atoms
can be adapted reversibly. Cyclohexane (C6H12), for example,
reversibly desorbs six hydrogen atoms (7.1 mass%) and forms 
benzene (C6H6). Stationary hydrogenation and dehydrogenation
under steady-state conditions are managed in numerous chemical
plants, but the on-board process under variable conditions is another
matter. We do not consider hydrogen storage in NH3 (5.9 mass%)to
be realistic, owing to the corrosive nature of ammonia.

Hydrogen adsorption on solids of large surface area
Hydrogen adsorbs at solid surfaces depending on the applied pres-
sure and the temperature. The variation of attractive surface forces as
a function of distance from the surface decides whether van der
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Mg2NiH4 LaNi5H6 H2 (liquid) H2 (200 bar)

Figure 1 Volume of 4 kg of
hydrogen compacted in different
ways, with size relative to the size of
a car. (Image of car courtesy of
Toyota press information, 33rd
Tokyo Motor Show, 1999.) 

Table 1 Physical and chemical properties of hydrogen, methane and petrol

Properties Hydrogen (H2) Methane (CH4) Petrol (–CH2–)

Lower heating value (kWh kg–1) 33.33 13.9 12.4

Self-ignition temperature (7C) 585 540 228–501

Flame temperature (7C) 2,045 1875 2,200

Ignition limits in air (Vol%) 4–75 5.3–15 1.0–7.6

Minimal ignition energy (mW s) 0.02 0.29 0.24

Flame propagation in air (m s–1) 2.65 0.4 0.4

Diffusion coefficient in air (cm2 s–1) 0.61 0.16 0.05

Toxicity No No High
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alloys are being studied in several Japanese laboratories29–31 and are
included into the national ‘Protium’ programme. They are based on
vanadium, zirconium and titanium as rather electropositive 
components combined with 3d and 4d transition metals. Reversible
hydrogen-storage capacities approaching 3 mass% around room
temperature have been reported.

A higher mass density is reachable only with light elements such as
calcium and magnesium. In fact, Mg forms ionic, transparent MgH2

containing 7.6 mass% hydrogen. But its formation from bulk Mg and
gaseous hydrogen is extremely slow, and in thermodynamic equilib-
rium a plateau pressure of 1 bar requires not room temperature but
300 7C. Different processes have been tried to obtain micro- or
nanostructured Mg: precipitations from metal-organic solutions or
high-energy ball milling of Mg have proved successful ways to obtain
good charging or discharging kinetics at 150 7C, and the thermody-
namics evidently are not affected26,29–31. Alloying Mg before the
hydride formation is another approach: Mg2Ni forms a ternary 
complex hydride Mg2NiH4, which still contains 3.6 mass% hydrogen.
The hydride forms fairly rapidly, probably owing to the presence of
Ni as catalyst for the dissociation of molecular hydrogen, but thermo-
dynamically it still requires 280 7C for 1 bar hydrogen. The alloys
Mg2Cu, Mg17La2 and MgAl, and some other known alloys or inter-
metallic compounds of Mg, react readily (MgAl after ball milling)
with hydrogen and decompose into MgH2 and another compound or
hydride. One example is Mg2Cu&H2 which decomposes to
MgH2&MgCu2. The reactions are reversible at high temperature. 

In addition to the enthalpy change of the hydrogen sorption 
reaction, we now also have to consider the enthalpy change of the 
host metal system. Could this make Mg-based storage alloys more
attractive? If the transformation of the host metal system that 
accompanies hydrogen desorption is exothermic itself, the net
enthalpy of hydrogen desorption becomes smaller. In the systems
studied so far (Mg–Cu, Mg–Al), the temperature for 1 bar 
equilibrium pressure could be lowered from 300 7C to 280 7C. This is
not a large improvement, and it has the penalty that the mass 
density is thereby reduced as well. Magnesium does not form a binary
intermetallic compound with iron, but in the presence of hydrogen it
is possible to synthesize the rather stable ternary hydride Mg2FeH6

with 5.5 mass% hydrogen26. 

A different approach is to use composite materials, in which
attractive properties of two components are combined to overcome
their weaknesses. For instance, magnesium has been ball milled with
graphitic carbon or mixed with hydrides showing fast kinetics, such
as LaNi5 or Mg2Ni. It comes as no surprise that the capacities reached
values between those of the components5,26,32.

Alanates and other light hydrides
Some of the lightest elements in the periodic table, for example 
lithium, boron, sodium and aluminium, form stable and ionic 
compounds with hydrogen. The hydrogen content reaches values of
up to 18 mass% for LiBH4. However, such compounds desorb the
hydrogen only at temperatures from 80 7C up to 600 7C, and the
reversibility of the reaction is not yet clear for all systems. Bogdanovic
and Schwickardi33 showed in 1996 that the decomposition 
temperature of NaAlH4 can be lowered by doping the hydride 
with TiO2. The same group showed the reversibility of the reaction
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Metal
adsorbed
hyrodgen

Solid solution
α-phase
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Figure 5 Schematic model of a metal structure with H atoms in the interstices
between the metal atoms, and H2 molecules at the surface. Hydrogen atoms are from
physisorbed hydrogen molecules on the left-hand side and from the dissociation of
water molecules on the right-hand side.
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Required volume for 4 kg hydrogen storage. From [1].

Gaseous Hydrogen
At 1 bar and 25 ◦C: ρ = 0.09 kgm93 = 0.00009 g cm93

At 350 bar and 25 ◦C: ρ = 26.1 kgm93 = 0.0261 g cm93

At 700 bar and 25 ◦C: ρ = 42 kgm93 = 0.042 g cm93

Liquid Hydrogen
At 1 bar and -253 ◦C: ρ = 71 kgm93 = 0.071 g cm93
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Low-pressure metal hydride canisters enable

safe and easy intermediate storage of larger

quantities of hydrogen in a very compact form.

They are the ideal solution especially for

systems with limited installation space.

Metal Hydride Canister
Hydrogen Supply Solution
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[Dr A.E. Dahoe: Principles of Hydrogen Safety, Knowledge Center for Explosion and Hydrogen Safety, Dutch Armed Forces]

2



REVIEW FEATURE

Six different hydrogen storage methods have been

described here. Alongside well-established, high-pressure

cylinders for laboratory applications and liquid hydrogen

storage methods for air and space applications, metal

hydrides and complex hydrides offer a safe and efficient way

to store hydrogen. Further research and technical

development will lead to higher volumetric and gravimetric

hydrogen density. The best materials known today show a

volumetric storage density of 150 kg·m-3, which can still be

improved by approximately 50% according to theoretical

estimations. Fig. 7 shows the volumetric versus gravimetric

hydrogen density for the various materials reviewed in this

article. MT
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AMMONIA AS A HYDROGEN CARRIER?

Hydrogenation: N2(g) + 3H2(g) −−−−−→
2∆fHNH3

2NH3(g) −−−−−−→−2∆vHNH3

2NH3(l)

Dehydrogenation: 2NH3(g) −−−−−−→−2∆fHNH3

N2(g) + 3H2(g)

∆fHNH3
= -46.1 kJmol−1 = -2.71 MJkg−1 1 kg H2 requires 5.7 kg NH3

∆vHNH3
= 23.5 kJmol−1 = 1.38 MJkg−1

∆cHNH3
= -382.8 kJmol−1 = -22.477 MJkg−1

WATER AS A HYDROGEN CARRIER?

Hydrogenation: O2(g) + 2H2(g) −−−−−→
2∆fHH2O

2H2O(l)

Dehydrogenation: 2H2O(l) −−−−−−→
−2∆fHH2O

O2(g) + 2H2(g)

∆fHH2O = -286 kJmol−1 = -15.9 MJkg−1 1 kg H2 requires 9 kg H2O
∆vHH2O = 40.63 kJmol−1 = 2.26 MJkg−1

4



 
 

 
 
 
 
 
 
 

Chemical 
formula 

Hydrogen 
(wt%) 

CH4 25 
NH3BH3 19.6 
LiBH4 18.3 
(CH3)4NBH4 18 
NH3 17.7 
Al(BH4)3 16.8 
Mg(BH4)2 14.8 
LiH 12.6 
CH3OH 12.5 
H2O 11.2 
LiAlH4 10.6 
NaBH4 10.6 
AlH3 10.0 
MgH2 7.6 
NaAlH4 7.4 

HYDROGEN FROM METHANE

CH4 +H2O −−⇀↽−− CO+ 3H2 (steam reforming)
CO + H2O −−⇀↽−− CO2 +H2 (water-gas shift reaction)
CH4 + 2H2O −−⇀↽−− CO2 + 4H2 (overall reaction)

SMR is carried out in tubular reactors filled with catalyst
where the inside gas temperature may vary from 600 to 900 °C,
with the heat provided by radiation from high-temperature
flames outside the tubes (Figure 1).
To achieve sufficient heat transfer, the temperature of the

gases leaving the furnace is high, typically around 1200 °C. Thus,
a major part of the heat produced by the combustion leaves the
furnace instead of being utilized for the SMR.High temperatures
of flames in combination with a varying gas temperature and
heat consumption inside the tubes means that the tubes are
exposed to harsh conditions, and local hot spots may cause
damage to the expensive tubes and catalyst. As an optimum for
the technology, an operating pressure of 30 bar and tube
dimensions of 10−13 m length and 10−13 cm inner diameter
have been established during the last decades. It is important to
notice that the SMRprocess operates under relevant constraints:

• Increased pressure (30 bar) is desired because the
synthesis gas is required at high pressure for downstream
processes.

• High temperatures (750−850 °C) and catalysts are
required to facilitate the endothermic reforming reaction
thermodynamically and kinetically.

• Heat needs to be supplied through the reformer tube shell
and through heat transfer in the catalyst bed.

• Sulfur tolerance of the catalyst is improved, but energy
efficiency is decreased with increasing operating temper-
atures.

To decarbonize the SMR process, CO2 capture and storage
(CCS) concepts can be applied. Although it is less difficult to
capture and concentrate CO2 from the high-pressure-synthesis
gas stream, the flue gas from the reactive furnace also needs to be
stripped of CO2 to obtain CO2-free hydrogen. The state-of-the-
art for CO2 capture is to wash the gas with monoethanol amine
(MEA) or a similar absorbent dissolved in water. The absorbent
is regenerated by heating the liquid, whereby the CO2 is
released. With MEA, the regeneration step requires around 3.9
MJ/kg of CO2, to be compared to the heating value of methane,
which is 18.2 MJ/kg of CO2.

2 As said, CO2 can also be removed
from the process stream, for example, before or after the PSA.
Although pressure and concentration are higher, there is

nevertheless the need to regenerate the absorbent, even if the
specific energy demand for CO2 capture is somewhat lower at
these conditions.
1.2. Chemical-Looping Combustion (CLC) Integrated

with SMR.To avoid the energy penalty associated with the CO2
capture, Rydeń and Lyngfelt3 proposed an integrated process
configuration with chemical-looping combustion (CLC) of
gaseous fuels and reformer tubes arranged inside a fluidized bed.
The process configuration in Figure 2 deviates from the original

proposal as the reformer tubes are arranged in a separate vessel,
the fluidized-bed heat exchanger (FBHE) that is connected to
the lower part of the air reactor via a circulating particle stream.
Though the air reactor and the fuel reactor are typically
circulating fluidized-bed (CFB) reactors, the FBHE can be
designed as a dense bubbling fluidized bed to allow for effective
heat transfer while keeping erosion effects low. Such systems,
where bubbling-bed heat exchangers for steam generation or
steam superheating are connected to CFB risers, are widely used
in industry today. Thus, all CFB boilers for waste incineration
from Andritz use adiabatic risers and all the cooling is in the
external FBHE.4 The necessary solids circulation between air
reactor and FBHE as well as between air reactor and fuel reactor
could be achieved through collection of the downward flowing
solids in the lower part of the air reactor riser.5 The major
undertaking needed for an integration of SMR in CLC is
optimization of the arrangement of reformer tubes of sufficient
size in a FBHE.
Chemical-looping combustion (CLC) is a process where the

oxygen is transferred from the air to the fuel using an oxygen
carrier, circulating between the air reactor and the fuel reactor.
Ideally, the exhaust from the fuel reactor only contains CO2 and
H2O, the latter easily removed by condensation. Thus, pure CO2
can be obtained without any costly and energy demanding gas
separation. The exhaust from the air reactor is just air that has
lost most of its oxygen content.
If the high-temperature furnace used for burning off-gas and

methane for heating the steam reforming tubes is replaced by
chemical-looping combustion, CO2 can be captured without a
costly and energy demanding gas separation process. An
additional advantage with SMR-CLC is that the heat can be
transferred to the steam reforming tubes using fluidized-bed

Figure 1. Schematic of classical steam methane reforming (SMR) with
a postcombustion CO2 capture system.

Figure 2. Chemical-looping combustion integrated with steam
methane reforming (CLC-SMR). This figure was reproduced with
permission from ref 5. Copyright 2022 The Authors.
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Liquid-Organic Hydrogen Carriers (LOHC)

Energies 2020, 13, 6040 8 of 23

Table 1. Typical examples of potential LOHCs and their physicochemical properties.

LOHC System
H2

Capacity
(wt%)

Enthalpy
(kJ/mol H2)

Melting Point (◦C) Boiling Point (◦C) Flash Point (◦C)

H2-Rich H2-Lean H2-Rich H2-Lean H2-Rich H2-Lean

Methylcyclohexane→ toluene
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H2 and CH4 density as a function of pressure [6].

EQUATIONS OF STATE

Idea Gas Law: P (V/n) = RT

Nobel-Abel: P [(V/n)− b] = RT

Van der Waals:

[
P + a

(V/n)2

]
[(V/n)− b] = RT

a =
27R2T 2

c
64Pc

and b = RTc
8Pc

Beattie-Bridgeman:[
P + A

(V/n)2

]
(V/n)3T 3[

(V/n)T 3 − c
]
[(V/n) +B]

= RT

A = A0

[
1− a

(V/n)

]
and B = B0

[
1− b

(V/n)

]
Constants a, b, c, A0, and B0 assume different values for each substance.

Benedict-Webb-Rubin:

P −
[
B0RT − A0 − C0

T 2

]
1

(V/n)
− bRT

(V/n)2
− aα

(V/n)5

− c
(V/n)2T 2

[
1 +

γ
(V/n)2

]
exp

(
− γ
(V/n)2

)
= RT

Substance specific constants a, b, c, A0, B0, C0, α, and γ.
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2.2.5 Hydrogen liquefaction

With 70 g/L the density of liquid hydrogen is about five times larger than compressed hydrogen at

20 MPa and still considerably higher than compressed hydrogen at 70 MPa (see Fig. 2.14), what

makes liquid hydrogen an attractive option for weight critical applications like aerospace, for scal-

ing up supply infrastructures, and mid to long distance transport of hydrogen.

However, liquefaction of hydrogen is an energy intense process as hydrogen has to be

cooled down to the boiling temperature of about 20 K at standard pressure. At least 14.2 MJ

(11.8% of the lower heat of reaction) are required to liquefy 1 kg normal hydrogen. This value

is larger than for other gases and includes removal of tangible heat (5.8 MJ/kg), latent heat

(6.2 MJ/kg), and the heat released by ortho-para shift (2.2 MJ/kg), see Fig. 2.15. Currently

established technology requires in the order of 50 MJ. Feasibility studies showed a potential to

reduce this to 22 MJ.

The principle available processes for cooling are grouped in external cooling by a colder

medium in a heat exchanger and internal cooling, where the medium itself undergoes thermody-

namic changes associated with a temperature drop. The latter are split in processes where the media

provides mechanical work in expansion turbines “expanders” or in piston machines and in isenthal-

pic throttling in Joule2Thomson valves.

FIGURE 2.14

Density of normal hydrogen dependent on temperature at different pressure levels (Kuhn, 2015).

44 Chapter 2 Hydrogen technologies

Density of hydrogen as a function of temperature at different pressure levels. [7].
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GASEOUS HYDROGEN – VEHICLE STORAGE TANKS

Energies 2022, 15, 5152 9 of 32

Manufacturing with winding in turn is highly dependent on the selection of the material;
therefore, researchers have since explored several material choices not only for resin matrix
systems, but for liner ones as well. Fabrication approaches vary between the traditional and
well-stablished wet winding and the more recent and innovative tape winding. In terms of
winding equipment technologies, there are several industrial options distinguished by the
applicable degrees of freedom for fiber guidance and mandrel motions. All these choices
are interconnected, deeply affecting the final fabrication cost of the tank, and have to be
created by the designer when planning viable manufacturing.

3.1. Industrial Hydrogen Tank-Type Classification

Pressure vessels used in the marketplace for general applications assume different
architectures and are currently organized into five main types, numerically classified from
I to IV [93,94]. With the growing popularity of advanced hydrogen solutions employed in
mobility, R&D efforts are now pursuing cost-efficient lightweight materials, designs and
production technologies to take hydrogen tanks even further.

Figure 3 and Table 5 introduce a classification for the sub-types of hydrogen tanks
aimed to comprehend recent advances and future design trends, with additional distinc-
tions established between the reinforcement type, matrix type and winding method.
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Type V tanks are bound to be the ultimate step in the hydrogen tank evolution and are
currently the focus of intense research [96,97]. This all-composite liner-less configuration
promises the lightest solution, with a more efficient use of volume, while also reducing
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Manufacturing with winding in turn is highly dependent on the selection of the material;
therefore, researchers have since explored several material choices not only for resin matrix
systems, but for liner ones as well. Fabrication approaches vary between the traditional and
well-stablished wet winding and the more recent and innovative tape winding. In terms of
winding equipment technologies, there are several industrial options distinguished by the
applicable degrees of freedom for fiber guidance and mandrel motions. All these choices
are interconnected, deeply affecting the final fabrication cost of the tank, and have to be
created by the designer when planning viable manufacturing.

3.1. Industrial Hydrogen Tank-Type Classification

Pressure vessels used in the marketplace for general applications assume different
architectures and are currently organized into five main types, numerically classified from
I to IV [93,94]. With the growing popularity of advanced hydrogen solutions employed in
mobility, R&D efforts are now pursuing cost-efficient lightweight materials, designs and
production technologies to take hydrogen tanks even further.

Figure 3 and Table 5 introduce a classification for the sub-types of hydrogen tanks
aimed to comprehend recent advances and future design trends, with additional distinc-
tions established between the reinforcement type, matrix type and winding method.
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Type V tanks are bound to be the ultimate step in the hydrogen tank evolution and are
currently the focus of intense research [96,97]. This all-composite liner-less configuration
promises the lightest solution, with a more efficient use of volume, while also reducing

From Ref. [8].
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NH3BH3 (AMMONIA BORANE)

DEHYDROGENATION

Thermolytic:

H3BNH3 (s)
90 ◦C−−−→ H2BNH2 (s) + H2 (g)

ξH2BNH2 (s) −−→ [H2BNH2]ξ (s)

[H2BNH2]ξ (s)
155 ◦C−−−→ [HBNH]ξ (s) + ξH2 (g)

[HBNH]ξ (s)
> 500 ◦C−−−−−→ ξ BN (s) + ξH2 (g)

Catalytic:

3H3BNH3 (non9aq)
catalyst−−−−−−−−−→

tetrahydrofuran

B3N3H6 (non9aq) + 6H2 (g)

NH3BH3 = ammonia borane.
H2BNH2 = aminoborane.
[H2BNH2]ξ = polyaminoborane.
HBNH = iminoborane (lower-left).
[HBNH]ξ = polyiminoborane.
B3N3H6 = borazine (lower-right).
BN = boron nitride.

06-18-11

Ammonia Borane (AB) Overview

• Stable under ambient conditions
• Properties

– Formula NH3BH3
– Molecular weight 30.86 g/mol
– Hydrogen content 19.6 % wt
– Density (pelletized) 0.74 g/cm3

– Melting point 112 - 114 °C
– Hydrogen evolved ≥ 70 °C

• Benign by-products 
• Low bulk manufacturing costs

– New Purdue synthesis process

06-18-18

Future Soldier Power

From [9].
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MILITARY GRADE LITHIUM ION BATTERIES

CHARGING: Fe2+ −−→ Fe3+ DISCHARGING: Fe3+ −−→ Fe2+

Electrolyte: LiPF6 and H−[CH3F]n−H
Solid Electrolyte Interface: (cathode) Li(1−ξ)FePO4 ←−→ LiξC6 (anode)
Charging progress variable, ξ: Discharge progress variable, η = 1− ξ:
[ξ = 0: fully discharged; ξ = 1: fully charged] [η = 0: fully charged; η = 1: fully discharged]
Anode: C6 + ξLi+ + ξe− −−→ LiξC6 Anode: Li1−ηC6 − (1-η) Li+ − (1-η) e− −−→ C6

Cathode: LiFePO4 − ξLi+ − ξe− −−→ Li(1−ξ)FePO4 Cathode: LiηFePO4+(1− η) Li++(1-η) e− −−→ LiFePO4

Overall: C6 + LiFePO4 −−→ LiξC6 + Li(1−ξ)FePO4 Overall: Li(1−η)C6 + LiηFePO4 −−→ C6 + LiFePO4

ξ = 0: C6 + LiFePO4 (fully discharged) η = 0: LiC6 + FePO4 (fully charged)
ξ = 1: LiC6 + FePO4 (fully charged) η = 1: C6 + LiFePO4 (fully discharged)

[Dr A.E. Dahoe: Principles of Hydrogen Safety, Knowledge Center for Explosion and Hydrogen Safety, Dutch Armed Forces]
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NaBH4 (SODIUM BOROHYDRIDE, SODIUM TETRAHYDRIDOBORATE)

2.2. Hydrogen generation system 17

The V2 version of the prototype is being developed and will have a capacity of 3.75 kg H2 per hour or
125 kW and will function using a catalyst. The reactors demonstrate the viability of the technology in a
relevant environment meaning that they have a technology readiness level (TRL) of 6. When integrated
with a fuel cell the technology will show its viability as part of an integrated system reaching TRL 7. The
reactor volume and specifics will increase further when developed, however, for now, these specifics
of the V2 reactor will be used as a basis for the design of the propulsion system.

Reactor
Internal
volume

External
volume

Capacity
(kg H2/h)

Power
(kW H2)

Density
(kW/L) TRL Pressure Temperature

V1 38 L 49 L 0.15 5 0.10 5-6 50 bar 60-110 C
V2 38 L 49 L 3.75 125 2.55 6 110 bar 60-110 C

Table 2.5: Specifications of the reactor prototype versions one and two developed by H2FUEL.

(a) V1 prototype (b) Scheme for multipurpose batch reactor

Figure 2.4: The V1 prototype of a NaBH4 batch reactor build en tested by H2FUEL (a), Multi purpose batch reactor using dry
fuel [26] (b)

2.2.5. Fuels
The NaBH4 can be delivered and stored in different solutions. Four storage methods for the NaBH4 fuel
are defined as: Fuel 30, Fuel 50, Fuel 66 and Dry fuel. The number indicates the weight percentages
of NaBH4 in the solution and dry fuel is a substance of small powder or crystals that can be mixed with
water to achieve the desired solution for the reaction. In this section the different fuels will be shortly
evaluated, in table 2.6 the gravimetric and volumetric densities are calculated based on 1 kg of H2 and
assuming a lower heating value (LHV) of 33 kWh, efficiency losses are neglected. Furthermore, NaOH
is not added to the solution yet since the precise percentages may differ and will increase the weight
and volume per kg H2.

Fuel 30 is based on a mole ratio of 1 NaBH4 to 5 H2O so that enough water is present after the
hydrolysis reaction for the NaBO2 side product to dissolve and thus prevent precipitation in the re-
actor that could clog the system or contaminate the catalyst. The gravimetric density can easily be
determined since the solution is based on weight percentage. The volumetric density, however, is

Laboratory prototype [10].

2.3. Fuel tanks 19

addition of 73% per unit inner volume and 87% extra volume needed per volumetric unit of fuel.

2.3.2. Volume-exchange tank
The energy density of the system will decrease rapidly when the spent-fuel is stored on-board. This spent-fuel
need to be stored on the vessel with some extra water added to make the product pumpable and to prevent
blockage in the reactor or in the tank system. This means that during the trip the vessel becomes heavier, and
that extra storage volume is needed. This affects the gravimetric and volumetric density significantly and it
is, therefore, important to investigate technical solutions for this increase in volume and weight. One of these
solutions is the use of a volume-exchange tank. In this tank two or more fuels are stored, where the inner
tanks change in volume. During the trip the spent-fuel tank becomes bigger and the fuel tank smaller.

Such a tank system is researched by Kim Taegyu, who analysed a system as is illustrated in Figure 2.7 [34].
This application has a maximum power output of 100 W from the PEMFC and has a storage capacity of 107.8
W ·h with 200 gr of 15 w t% N aB H4 and a Co-B catalyst. A rubber bag is designed in the tank to store the
spent-fuel, like shown in the figure. As is concluded from this research the volume-exchange tank in this
configuration improved the volumetric density, and on top of that the gravimetric density. After all, two tanks
are heavier than one volume-exchange tank. Other advantages are that the effect of sloshing and the change
in center of gravity were minimised [34]. These advantages will also be applicable when a scale-up system
on-board of a vessel is implemented.

Figure 2.7: Operation concept of a volume-exchange fuel tank for a small UAV (unmanned aerial vehicles) [34]

Another example of a volume-exchange tank is the one suggested by H2Fuel-systems, shown in Figure 2.8
[64]. In their concept 3 compartments can change in volume due to flexible inner tanks. This design can be
applicable on a system where acid as an activator is used, stored in the third compartment. Two situations
are shown in this figure. One where the spent-fuel volume is maximised and the vehicle needs to re-fuel,
and one when no fuel is consumed yet [64]. In maritime application this tank will improve the volumetric
and gravimetric energy density when an acid accelerator is used. A disadvantage of this system is the safety
hazard of storing an acid and a sodium borohydride solution in one tank.

A new concept design is herein proposed, which overcomes the safety hazard of the previously men-
tioned tank. This concept is depicted in 2.9. In this concept a dry fuel- spent-fuel volume-exchange tank is
suggested. The shaded and technical view shows a bag in the top of the tank where the spent-fuel is stored in
a solid or liquid condition. Under this bag a moveable membrane lifts the weight of the spent-fuel. The rest
of the tank is the space for the dry fuel in the form of a funnel to control the amount of fuel added to the water
flow system under the storage tank. In this concept, gravity is used to handle the dry fuel. Another option
would be to handle the dry fuel pneumatically.

In the scenario where a volume-exchange tank is used the volumetric and gravimetric density of the sys-
tem will change. The size and weight of the tank will be dependent on the most voluminous fuel stored in the
tank. At room temperature, the density of dry N aB H4 is 1.07 g /ml . For 1 gram, 0.97 ml inner storage volume
is needed. One gram of N aB H4 (0.0264 mol) and, from the hydrolysis reaction, 1.74 grams of N aBO2 (0.0246
mol) is needed. N aBO2 has a density of 2.46 g /ml , so for each gram of N aB H4 a volume of 0.71 ml is needed
for the spent-fuel. This means the spent-fuel becomes heavier and less voluminous in dry conditions.

Operational concept [11].

Sodium borohydride

Sodium metaborate

DEHYDROGENATION

Hydrolytic: Catalytic:

NaBH4 + 2H2O −−→ NaBO2 + 4H2 NaBH4 + 2H2O
acid accelerator−−−−−−−−→
HCl,H2SO4

NaBO2 + 4H2

NaBH4 + (2 + ξ)H2O −−→ NaBO2 + 4H2 + ξH2O NaBH4 + 2H2O
catalyst−−−−−→
Co-Ru-Ni

NaBO2 + 4H2
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ELECTROLYZERS
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surface area of the catalyst/electrolyte interface with nanostructured 
materials, and by using thinner membranes. 

The purpose of this review paper is to provide a detailed analysis of 
the various expressions of the water electrolysis energy efficiency co
efficient for the three water electrolysis cells operating under NAT 
conditions. First, the design and principle of these different cells are 
briefly described and the thermodynamics of the water splitting reaction 
over (T,P) range conditions of practical interest is summarized. Then the 
water electrolysis energy efficiency coefficient is evaluated from theo
retical considerations without any simplifying assumption. A difference 
is made between the definitions used by academic Laboratories (the 
focus is on the efficiency of water dissociation itself at constant T,P 
conditions) and those used by the Industry sector (the focus is on the 
process efficiency and takes into account the energy content of the 
hydrogen-oxygen gases produced during electrolysis compared to the 
total energy used to split water). Approximate expressions are then 
deduced and the resulting loss of accuracy is quantified. Finally a critical 
analysis of some expressions of the water electrolysis efficiency found in 
the recent literature is provided. 

2. Description of water electrolysis cells operating under near- 
ambient temperature conditions 

2.1. Principles of Proton Exchange Membrane Electrolysis Cell (PEMEC) 

In a Proton Exchange Membrane Electrolysis Cell (PEMEC) -see 
Fig. 1- the anodic compartment of the cell is fed with liquid deionized 
water. Water molecules are oxidized at the catalytic anode (usually 
made of unsupported Ir-based oxide particles) according to the half-cell 
reaction (1a), leading to the production of dioxygen and protons:  

H2O → ½ O2 þ 2Hþ þ 2 e� anodic reaction with Ea ¼ 1.23 V vs. SHE (1a) 

where SHE is the Standard Hydrogen Electrode. 
Oxygen evolves in the gaseous phase and is extracted from the cell. 

Electrons circulate in the external circuit and hydrated protons migrate 
across the polymer membrane, down to the cathode (usually made of 
unsupported Pt particles or of carbon-supported Pt nanoparticles) where 
they are reduced by the electrons injected by the external DC power 
supply. As a result, dihydrogen is produced according to the half-cell 

reaction (1b):  

2Hþ þ 2 e� → H2 cathodic reaction with Ec ¼ 0.00 V vs. SHE             (1b) 

The electrical balance between reactions (1a) and (1b) corresponds 
to the electrochemical splitting of water into hydrogen and oxygen ac
cording to the overall reaction:  

H2O → H2 þ ½ O2 overall reaction                                                    (1) 

A thermodynamic analysis of the reaction yields the following data 
under standard Standard Temperature and Pressure (STP) conditions 
(T ¼ 25 �C, p ¼ 1 bar, liquid water):  

ΔH0 ¼ þ 285.8 kJ (mole H2O)� 1 and ΔG0 ¼ þ 237.2 kJ (mole H2O)� 1        

This is equivalent to a standard cell voltage 

U0
rev ¼ ​ Ea � Ec ¼ ΔG0�2F ¼ 1:229 V � 1:23 V 

These electrochemical half-cell reactions are exactly the reverse of 
those occurring in a fuel cell with an acid electrolyte (such as phosphoric 
acid, or a Proton Exchange Membrane – PEM, as shown in Fig. 1 for the 
PEMFC). In either a PEM water electrolyzer or a PEM H2/O2 fuel cell, the 
most popular membrane material is a perfluorosulfonic acid (PFSA) 
ionomer. PFSA membranes are commercially available (e.g. Nafion® 
products) and membranes of different size (180–10 μm) can be used. The 
electrocatalysts used at the negative electrode for the HER or for the 
Hydrogen Oxidation Reaction (HOR) are similar (i.e. Pt/C nano
particles) since the HER/HOR are quasi-reversible reactions. However, 
the electrocatalysts used at the positive electrode are different, i.e. Pt- 
based nanoparticles dispersed on large surface area carbon powder (e. 
g. Vulcan XC72R) for the Oxygen Reduction Reaction (ORR) and Ir- 
based oxides dispersed on a corrosion-proof support (e.g. a Ti mesh or 
foam) for the OER. 

2.2. Principles of Alkaline Electrolysis Cell (AEC) 

The design and layout of an Alkaline Electrolysis Cell (AEC) is shown 
in Fig. 2. The anode and cathode are immersed in a liquid electrolyte and 
a diaphragm (which is used to prevent the mixture of evolving gases (H2 
and O2) is placed between the two electrodes. The electrolyte is usually a 
25–30 wt% aqueous solution of potassium hydroxide (KOH). It is usually 

Fig. 1. Schemes of a proton exchange membrane electrolysis cell (PEMEC) and of a proton exchange membrane fuel cell (PEMFC).  
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pumped through the cell to collect the bubbles of gaseous products and 
to extract the excess of heat. Alternatively, natural circulation (so-called 
pump-lift) resulting from temperature gradients and buoyancy effects of 
the gas bubbles can be used but only for operation in the low current 
density range. The electrolyte is stored in two separated drums, one for 
each gaseous product (O2 or H2) which also serve as gas-liquid- 
separators. After drying, the typical purity of gases is in the 
99.5–99.9% range for H2 and in the 99–99.8% range for O2. Higher 
purity (above 99.999%) can be reached by using on-line catalytic gas 
purifiers (deoxidizer) [18]. 

The half-cell electrochemical reactions are:  

2H2O þ 2 e� → H2 þ 2 OH� cathodic reaction with Ec ¼ - 0.828 V  
vs. SHE                                                                                       (2a)  

2 OH� → ½ O2 þ H2O þ 2 e� anodic reaction with Ea ¼ þ 0.401 V  
vs. SHE                                                                                       (2b) 

leading to the overall reaction: 

H2O ​ →H2 ​ þ ​ ½ ​ O2→with U0
rev ¼ ​ Ea � Ec ¼ 1:229 V � 1:23 V (1) 

These electrochemical processes are again exactly the reverse of 
those occurring in an Alkaline Fuel Cell (AFC). The anode is usually 
made of nickel or nickel-based catalysts, with two or three non-noble 
elements (Co, Mn, NiMoFe, etc.) or even noble metal elements (Pt, Pd, 
IrO2 and RuO2), while the cathode is made of nickel, or Ni-based cata
lysts. The advantage of non-precious metal electrocatalysts, such as Ni- 
based catalysts, is that they are cheaper than Platinum Group Metal 
(PGM) and are particularly stable and active in alkaline medium. 

2.3. Principles of Anion Exchange Membrane Electrolysis Cell (AEMEC) 

AEM electrolysis is the electrochemical splitting of water into 
hydrogen and oxygen using an Anion Exchange Membrane (AEM) as 
electrode separator and solid electrolyte. Ionic conduction is provided 
by the transport of hydroxyl anions (OH� ) [19]. 

Fig. 3 shows the principle of an AEMEC, with an Anionic Exchange 
Membrane (such as A-201 from Tukuyama) on which are pressed the 
porous anode and cathode containing the electrocatalysts. 

Typical electrocatalysts used at the anode for the OER are metal 
transition oxides (Co3O4, CuCo3O4, etc.). Rare-earth metal oxides (e.g. 

Ni/CeO2–La2O3 deposited on a microporous carbon paper) are used at 
the cathode for the HER. Water is circulated through the cathode side 
where it is reduced to form hydrogen and hydroxyl ions by the addition 
of two electrons coming from an external DC power supply. Hydroxyl 
ions migrate across the anionic membrane up to the anode, while the 
electrons are transported to the cathode through the external circuit. In 
the anode chamber, the hydroxyl ions are oxidized into water and ox
ygen by loosing electrons. Oxygen bubbles are released from the surface 
of the anode. Both half-cell reactions require electrocatalysts to form and 
release the respective gases from the electrode surfaces. 

The partial electrochemical reactions are the following [19]:  

2H2O þ 2 e� → H2 þ 2 OH� cathodic reaction with Ec ¼ - 0.828 V  
vs. SHE                                                                                       (2a)  

2 OH� → ½ O2 þ H2O þ 2 e� anodic reaction with Ea ¼ þ 0.401 V  
vs. SHE                                                                                       (2b) 

leading to the overall reaction: 

H2O ​ →H2 ​ þ ​ ½ ​ O2→with U0
rev ¼ Ea � Ec ¼ 1:229 V � 1:23 V (1) 

Despite the larger pH, a theoretical thermodynamic cell voltage of 
1.23 V is also required to split the water molecules into hydrogen and 
oxygen at 25 �C. However, in practice, the requirement of the cell 
voltage for efficient hydrogen production is greater than 1.23 V, since an 
additional voltage (overvoltage) is required to overcome both the elec
trode kinetics and the ohmic resistance of electrolyte and components of 
the electrolyzer. Typical operational cell voltages for alkaline and PEM 
electrolysis are 1.85–2.05 V and 1.75 V at 70–90 �C, respectively [20]. 
The typical operational cell voltage for an AEM electrolysis cell is 1.9 V 
for current density of 400 mA cm� 2 at 40 �C. Typical current densities 
range from 200 to 500 mA cm� 2. 

AEM electrolysis cells have several advantages compared to PEM and 
alkaline cells. 1. Only transition metal catalysts are used instead of 
PGMs. 2. Distilled water or a low concentration of alkaline solution (1% 
K2CO3 solution) can be used as electrolyte instead of concentrated KOH. 
The use of a low concentrated alkaline solution eliminates the precipi
tation of K2CO3 (a side-reaction resulting from the dissolution in KOH of 
CO2 from the air atmosphere). 3. The quaternary ammonium ion 
exchange-group-containing membrane, which is used in AEM electrol
ysis, is less expensive than the Nafion® based membranes. 4. Interaction 

Fig. 2. Schematic diagram of an Alkaline Electrolysis Cell (AEC).  

Fig. 3. Schematic diagram of an Anion Exchange Membrane Electrolysis 
Cell (AEMEC). 
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Fig. 3. Schematic illustration of alkaline water electrolysis working principle.

(2021) developed an efficient bifunctional nano heterostructure
electrocatalyst of NiCo-NiCoO2@Cu2O@CF for overall water split-
ting and studied their performance in 1M KOH solution. As
prepared NiCo-NiCoO2@Cu2O@CF electrocatalyst has shown im-
proved electrochemical performance towards the HER and OER
in alkaline media with a lower overpotential of 133 and 327 mV
to achieve a current density of 10 mA cm2 with a small Tafel
slope of 119 and 118 mV dec−1 for HER and OER respectively.
In addition, experimentally studied their performance through
single-cell electrolysis process using NiCo-NiCoO2@Cu2O@CF as
a bifunctional electrocatalyst for both HER and OER. The re-
sults showed better electrochemical performance than the other
non-noble metal electrocatalysts, the attained cell voltage of
1.69 V to reach the current density ≥10 mA cm−2. Further,
the developed electrocatalyst was stable during the continuous
electrolysis process of 12 h in a strong alkaline solution due to
the robust mechanical adhesion between NiCo-NiCoO2 nanopar-
ticles. The better performance was achieved by the small size of
NiCo-NiCoO2 nano heterostructures uniformly distributed on the
oxidized surface of copper foam enabling them to maximum uti-
lization active sites during the electrochemical reactions. Xu et al.
(2022) developed a highly efficient bifunctional electrocatalyst
of 2D metal–organic framework (MOF)-derived NiCoP nanoflakes
(NiCo(nf)-P) for overall water splitting in alkaline media. The
developed electrocatalyst performance were studied by three-
electrode cell assembly with linear sweep voltammetry (LSV)
method at the potential cycling rate of 2 mV s−1 in a 1M KOH
electrolyte solution. The developed NiCo(nf)-P was shown better
electrocatalytic activity with a lower onset potential of 37 mV and
1.435 V than commercial 5% Pt/C (43 mV) and IrO2 (1.504 V) at
the current density of 100 mV cm−2 towards the HER and OER.
In addition, NiCo(nf)-P was shown lower overpotential of 119 mV
and 315 mV than commercial 5% Pt/C (291 mV) and IrO2 (400) to
achieve the current density of 100 mV cm−2 towards the HER and
OER. The Tafel slope also potentially lower for NiCo(nf)-P (112 mV
dec−1) and 66 mV dec−1 than commercial 5% Pt/C (164 mV dec−1)
and IrO2 (88 mV dec−1), which indicates the rapid charge transfer
across the electrocatalytic interfaces of as developed NiCo(nf)-P.
Further, the developed NiCo(nf)-P electrocatalyst stability studies
were carried out at different current densities of 100, 500, and
1000 mA cm−2 towards the HER and OER using chronopoten-
tiometric (V-t) measurements. The, attained results show the
stable electrochemical performance during the 30 h of continuous
operation, as shown in Fig. 4. Moreover, the developed NiCo(nf)-
P electrocatalyst HER and OER performance also were studied
in alkaline electrolyzer, it shows the excellent electrocatalytic

activity with a lower cell voltage of 1.94 V at the operating
current density of 1 A cm−2.

Further, Jin et al. (2021) have synthesized N-doped carbon
supported Ni-Mo-O/Ni4Mo nanointerface electrocatalyst (Ni-Mo-
O/Ni4Mo@NC) by electrodeposition–calcination–electrodeposition
techniques and studied their electrocatalytic activity towards
the hydrogen evolution reaction in alkaline solution (1M KOH).
The synthesized Ni-Mo-O/Ni4Mo@NC electrocatalyst has shown
a higher electrocatalytic activity with a lower overpotential of
61 mV at a geometric current density of 10 mA cm−2, which is
50% lower than that of Ni-Mo-O (120 mV) due to the introduction
of N-doped carbon layers. Also, studies in neutral conditions (1M
PBS solution) Ni-Mo-O/Ni4Mo@NC shows an overpotential of <
60 mV, which is lower than that of Ni-Mo-O (∼100 mV). The
Tafel slope of Ni-Mo-O/Ni4Mo@NC is determined to be 99 mV
dec−1, which is relatively lower than that of Ni-Mo-O (135 mV
dec−1). Lv et al. (2021) introduced multi-heterostructure inter-
faces and 3D porous structures of Co2P/N@Ti3C2Tx@NF as an
efficient HER electrocatalyst for alkaline media. Initially, CPN@TC
with multi-heterostructure interfaces were fabricated on the sur-
face of MXene (Ti3C2Tx)-modified NF by a two-step electrode-
position method and subsequent nitriding process. The prepared
Co2P/N@Ti3C2Tx@NF electrocatalyst performance was studied in
1M KOH solution, the results exhibited an outstanding HER per-
formance with an overpotential of only 15 mV at 10 mA cm−2

and a small Tafel slope of 30 mV dec−1, as shown in Fig. 5.
In addition, shown superior stability during the 3000 cycles of
CV tests and only 20 mV shifting can be at the current density
of 100 mA cm−2. In addition, water dissociation (∆G∗H2O) and
hydrogen adsorption (∆G∗H) energies were calculated by DFT
(density functional theory) for different materials. According to
the DFT calculations, the prepared CPN@TC has strongest binding
energy of −0.822 eV, which is favorable for the HER reactions.
Also, the prepared CPN@TC possesses an H* adsorption energy
with the closest value to zero, which is generally considered to
be the best electrocatalyst.

3.2. Anion exchange membrane (AEM) water electrolysis

AEM water electrolysis is a developing technology for green
hydrogen production. Over the past few years, many research
organizations/institutions are actively working in the develop-
ment of AEMWE due to its low cost and high performance com-
pared to the other conventional electrolysis technologies. The first
journal publication on AEMWE was by We and Scott in 2011
latter many researchers are contributing to the development
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Fig. 5. (a) HER Polarization curves of CPN@TC, CP@TC, CP@NF, NF, CPN@NF and TC@NF (b) Tafel plots (c) comparison of CPN@TC with reported electrocatalysts
(d) Long-term chronopotentiometry results of CPN@TC at different current densities (−10, −20, −40, −60, −80 mA cm−2) and durability polarization curves for
CPN@TC before and after 3000 cycles (e) Calculated H2O adsorption energy. (f) H* adsorption energy (Lv et al., 2021).

Fig. 6. Schematic view of AEM water electrolysis working principle.

stainless steel separator plates are used as bipolar and end plates
respectively (Pushkareva et al., 2020).

3.2.3. Research and development of AEM water electrolysis
AEM water electrolysis technology is under the developmental

stage up to the kW scale. Globally, several research organiza-
tions/institutions are actively working on the development of
AEM water electrolyzers, some of the AEM water electrolyzer
manufacturers/developers are listed in Table 4. However, sev-
eral innovations/improvements are still needed to scale up this
technology for commercial applications. The major challenges are
limited stability (at present 35,000 h and targeted stability of
1,00,000 h) and high hydrogen production cost, present hydrogen
production cost is USD 1279 kW/H2 (2020), and the targeted
cost reduction of USD ≤ 300 kW/H2 (2050) (Ionomr, 2020). To
achieve these targets, the existing challenges need to be ad-
dressed economically to commercialize for market applications.
In this direction, Thangavel et al. (2021) developed a 3D oxygen
evolution electrode via electrochemical integration of amorphous

NiFeOOH on activated carbon fiber paper (CFP) by single-step
co-electrodeposition techniques and their performance in 1M
KOH solution. The developed 3D-a-NiFeOOH/N-CFP electrode has
shown a better electrochemical performance with an overpoten-
tial of only 170 mV at a current density of 10 mA cm−2 and a
smaller Tafel slope of 39 mV dec−1 and outstanding stability in
1M KOH solution, as shown in Fig. 7. This enhancement is due
to the unique 3D structures with increased active sites and the
enhanced electrical conductivity that helps enhance the OER ki-
netics and mass transport properties. In addition, Fe-doping plays
a key role in enhanced OER activity of 3D-a-NiFeOOH/N-CFP. Ad-
ditionally, the developed 3D-a-NiFeOOH/N-CFP electrode OER ac-
tivity was studied in a single-cell alkaline AEM water electrolyzer
with ultra-pure water and compared with commercial IrO2 elec-
trodes under similar experimental conditions. Impressively, the
developed 3D-a-NiFeOOH/N-CFP electrode exhibits superior elec-
trochemical performance to commercial IrO2 electrodes, the at-
tained cell voltage of 1.88 V than commercial IrO2 2.08 V at
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Fig. 9. Schematic view of PEM water electrolysis working principle.

3.3.1. Working principle of pem water electrolysis
During the PEM water electrolysis process, water is electro-

chemically split into hydrogen and oxygen. In this process, ini-
tially at the anode side water molecule is decomposed to generate
oxygen (O2) and protons (H+), and electrons (e−). The generated
oxygen eliminated from the anodic surface and the remaining
protons are traveled through the proton-conducting membrane
to the cathode side and the electrons are traveled through the
external circuit to the cathode side. At the cathode side, the
protons and electrons recombined to produce H2 gas. The basic
principle of PEM water electrolysis is shown in Fig. 9.

3.3.2. Cell components of PEM water electrolysis
The PEM water electrolysis cell major components are mem-

brane electrode assembly (consist of membrane and anode, cath-
ode electrode materials), Gas diffusion layer, separator plates
(bipolar plates), and end plates respectively (Shiva Kumar et al.,
2018c; Shiva Kumar and Himabindu, 2019a; Upadhyay et al.,
2020, 2022). Typical proton exchange membranes are Nafion

®
,

Fumapem
®
, Flemion

®
, and Aciplex

®
respectively. However,

most widely used membrane is Nafion
®

(Nafion
®

115, 117,
and 212), because Nafion

®
membrane offers several advantages

such as high proton conductivity, possess high current density,
high mechanical strength, and chemical stability respectively.
The state-of-the-art anode and cathode electrode materials are
noble metal based electrocatalysts especially IrO2 for the OER
and carbon-supported Pt for the HER respectively (Ramakrishna
et al., 2016; Shiva Kumar et al., 2018a,d; Lee et al., 2019). These
noble metals are more expensive, and iridium is scarcer than plat-
inum. For example, a 10 MW PEM water electrolyzer operating
at 1 A/cm2 requires about 15 kg of Iridium with an assumed
catalyst loading of 2–3 mg/cm2, the expected cost of Iridium
catalyst would be more than 2,941,789 US$ (196,119 US$/kg in
August 2021) (Metalary, 2021). The porous titanium/titanium
mesh and carbon cloth are used as anode and cathode gas dif-
fusion layers. Different flow field designed bipolar plates made
up of titanium material coated with platinum/gold are used
as separators and endplates respectively. Among different flow
field designs, the straight parallel flow field designed separator
plates have shown better performance, especially in PEM water
electrolyzer (Yang et al., 2019). However, these separator plates
are expensive and are responsible for 48% of the overall cell
cost (IRENA, 2020b). Therefore, the cost-effective cell components
i.e., electrode materials and separator plates still under challenge.

3.3.3. Research and development of pem water electrolysis
PEM water electrolysis technology is well developed and com-

mercially available up to megawatt (MW) for industrial and trans-
portation applications, some of the large-scale PEM electrolyzer
manufacturers are listed in Table 4. However, several improve-
ments are still required to reduce the hydrogen production cost,
the present hydrogen production cost is USD 700–1400 kW/H2
(2020), and targeted cost reduction is USD ≤ 200 kW/H2 (2050)
(IRENA, 2020b). To achieve this target, the existing challenges
need to be addressed such as replacement/reduction of platinum
group metals with cost-effective transition metals, removing the
expensive coatings on bipolar plates, and redesigning the new
bipolar plates with cost-effective materials. Moreover, to reduce
the membrane thickness and enhance the cell efficiency. Cur-
rently, the Nafion

®
117 (thickness 180 µm) membrane is using in

PEM water electrolyzers, the efficiency loss from this membrane
is 25% (at 2 A/cm2), if reducing the thickness as low as 20
µm the predicted reduction efficiency losses is 6% (at 2 A/cm2).
Therefore, in this direction several researchers from public and
private organizations are still working on their developments
especially focusing on cost reduction. For example, Xie et al.
(2021) reported integrated electrode architectures to consist of
platinum nanowires on ultrathin titanium gas diffusion layers
for hydrogen evolution reaction in PEM water electrolysis. The
ultrathin titanium integrated PtNW electrode (PtNW/Ti) showed
a lower overpotential of 63 mV at the higher current density of
100 mA cm−2 with a smaller Tafel slope of 35 mV dec−1. Further,
electrochemical performances were studied in PEM water elec-
trolyzer as a cathode electrode, the attained results demonstrated
that the PtNW/Ti electrode has showed a lower cell voltage of
1.643 V at 1 A cm−2 and high efficiency of 90.08% with 15
times lower catalyst loadings than conventional MEAs in PEM
water electrolysis. Also, Xie et al. (2022) developed ionomer-
free integrated electrodes (1T-2H MoS2NS/CFP) using engineered
1T-2H heterophase with MoS2 nanosheets (MoS2NSs) by in-situ
growing on carbon fiber paper with MoS2 loading of only 0.14
mg/cm2 for HER and studied their performance in 0.5M H2SO4
as well as in PEM water electrolyzer. The integrated electrode
has shown outstanding performance with an extremely lower
overpotential of 192 mV and a smaller Tafel slope of 44 mV
dec−1. Further, the PEM water electrolyzer results exhibited that,
the integrated electrode impressively achieved a cell voltage of
2.25 V at an operating current density of 2 A/cm2, as shown in
Fig. 10. Furthermore, the integrated electrode performance was
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Fig. 13. Schematic view of solid oxide water electrolysis working principle.

1.3 V, which is 3.3 times higher than the blank LSM-YSZ electrode.
Additionally, higher hydrogen generation rate of 873 mL cm−2

h−1. Zheng et al. (2021) introduced a novel electrode material
of Mn-doped Ruddlesden–Popper oxide La1.5Sr0.5NiO4+δ (LSNMx)
and their performance was evaluated in solid oxide electrolyzer
as an oxygen electrode. The LSNM0.5 showed lower resistance of
0.488 � cm2 at 800 ◦C with a current density of 500 mA cm−2

at 1.4 V at 800 ◦C with stable electrocatalytic activity during the
145 h continuous operation, as shown in Fig. 14. This current
density is 85.2% higher than the un-doped LSN electrode.

Vibhu et al. (2021) developed layered perovskite-based rare
earth nickelates of Ln2NiO4+δ (Ln = La, Pr, and Nd) as an al-
ternative OER electrode for high-temperature solid oxide elec-
trolysis cells. Among all the synthesized nickelate electrodes, the
Pr2NiO4+δ (PNO) showed better electrochemical performance but
it showed a relatively higher degradation rate of 88 mV h−1 at
higher current densities. Further, increased the Pr2NiO4+δ elec-
trode durability by substitution of cobalt. The modified cobalt
substituted Pr2Ni0.8Co0.2O4+δ electrode were showed improved
electrochemical performance and stability at higher current den-
sities, the achieved maximum current density of 3.0 A cm−2 and
1.9 A cm−2 at a cell voltage of 1.5 V at 900 ◦C and 800 ◦C with
a lower degradation rate of 22 mV kh−1 in single-cell studies of
250 h at the constant current density of −1 A cm−2 at 800 ◦C
with 50% H2 and H2O feed gas mixture, as shown Fig. 15 (Vibhu
et al., 2021).

Further, Kukk et al. (2021) studied the long-term stability
of different electrode materials such as Ni-Zr0.92Y0.08O2−δ| Zr0.92
Y0.08O2−δ| Ce0.9Gd0.1O2−δ| Pr0.6Sr0.4CoO3−δ in solid oxide fuel cells
(SOFC) for 17,820 h at 650 ◦C and solid oxide electrolysis cells
(SOEC) for 860 h at 800 ◦C. The attained results show that the
Pr0.6Sr0.4CoO3−δ electrocatalyst has shown better stability in SOFC
with a small degradation rate of 2.4% for the first 1000 h and
1.1% for later, the degradation is mainly due to the formation of
silicon and chromium impurities on the electrolyte. During the
SOEC studies, the observed degradation rate of 16.3%, this higher
degradation was due to the formation of silicon and chromium
impurities along with cracks on the electrode.

4. Recommendations for future research and development

Green hydrogen production from renewable energy sources
like wind and solar using water electrolysis technology is ex-
pected to be at the heart of the energy transition to meet the

net-zero challenges. In addition, water electrolysis is a well-
known electrochemical process for green hydrogen production
that requires wider adoption to lower production costs with
high efficiency. Therefore, essential improvements and innova-
tions are required to produce viable green hydrogen and meet
the global net-zero challenges. In this context, various water
electrolysis technologies and their challenges, and possible solu-
tions are given below for cost reduction and commercialization
perspective.

Alkaline water electrolysis
Alkaline water electrolysis is well established and mature

technology for green hydrogen production. However, some of
the challenges associated with alkaline water electrolysis such
as lower operating current density, cell efficiency, and crossover
of the gases. Therefore, some improvements/developments are
needed in this technology.

• Separators (Diaphragms) — The thickness of the diaphragms
can be reduced with lower resistance this can improve
the cell efficiency and reduce the electricity consumption.
The overall thickness of the diaphragms should be reached
50 µm than the present thickness of ∼460 µm, this would
be contributed to improving the cell efficiency from 53% to
75% at 1 A/cm2.

• Current density — The lower current density is one of the
major barriers to alkaline water electrolysis, the significant
innovations/improvements are needed to increase the cur-
rent density. The current density should be reached up to
2–3 A/cm2 than the present current density of 0.8 A/cm2.
This can be achieved by using the thinner diaphragms with
high specific surface area electrode materials.

• Crossover of the gasses — Typically alkaline water electrol-
ysis takes place on the high concentrated (5M) KOH elec-
trolyte and high thickness diaphragms with nickel-based
electrodes. During the electrochemical reaction, this can
allow the intermixing of the generated gases, which are
dissolved into the electrolyte subsequently producing the
low purity of the gases. To reduce this crossover of the
gasses can be achieved by reducing the thickness of the
diaphragms. In addition, reducing the interface resistances
between catalyst layers and porous transport layers.

13808

Proton Exchange Membrane (PEM) water electrolysis [13]. Solid oxide water electrolysis [13].

GDL = Gas Diffusion Layer. PTL = Porous Transport Layer.
LMS = Lanthanum Manganite Strontium. YSZ = Yttrium Stabilized Zirconia.
LSCF = Lanthanum Strontium Cobalt Ferrite.
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ELECTROLYZERS – RISK ANALYSIS (HAZID, RISK MATRIX)
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Modification of the Risk Matrix according to Ref. [14].

[Dr A.E. Dahoe: Principles of Hydrogen Safety, Knowledge Center for Explosion and Hydrogen Safety, Dutch Armed Forces]
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ELECTROLYZERS – RISK ANALYSIS (HAZID, RISK MATRIX)

Severity and likelihood criteria according to Ref. [14].

Severity ranking criteria Blast pressure
(kPa)

Jet flame
length (m)

V Severe damage to building and
facilities outside the site

> 34 > 6

Fatalities outside the site > 100 > 6
IV Significant damage to building and

facilities outside the site
6.9 – 34 –

Fatalities inside the site > 100 2 – 6
III Moderate damage to building and facilities

outside the site
3.4 – 6.9 –

Injuries outside/inside the site 16 – 100 –
II Minor damage to building and facilities

outside the site
1 – 3.4 1 – 2

Minor injuries outside/inside the site 2 – 16 0.3 – 1
I Negligible damage to building and

facilities outside the site
< 1 < 6

Negligible injuries outside/inside the site < 2 < 0.3

Likelihood criteria
i Once per 1000 years
ii Once per 100 years
iii Once per 10 years
iv Once per year
FMEA failure mode
Hydrogen embrittlement
Hydrogen assisted cracking
Corrosion
Stress corrosion cracking
Fatigue
Loosening of threaded joints
Weld defect
Sealing deterioration
Seat/gland leakage
Polymer electrolyte damage

[Dr A.E. Dahoe: Principles of Hydrogen Safety, Knowledge Center for Explosion and Hydrogen Safety, Dutch Armed Forces]
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GASEOUS HYDROGEN STORAGE – EXPLOSION HAZARDS
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Kjorbo, Norway
Monday 10 June 2019 at 17:30 h
Hydrogen Explosion (3.0 – 3.5 kg H2)
Glass damage at 60 – 70 m distance
Office at 60 m distance
Houses at > 225 m distance 

Onze referentie: Imandra - D 1 0000629:22  - Datum: 10 januari 2020 

  

 

LESSEN VAN HET KJØRBO-INCIDENT 

15 van 46 

 

Figuur 15: Impressie schade intern. 

 

De bovenstaande foto toont de eindtoestand. In het volgende hoofdstuk gaan we in op de toedracht en op 

de processen direct na de lekkage tot aan de eindtoestand. 

 

3.2 Repressie door de brandweer 

Door de commandant, de heer Sverre Junker van de lokale brandweer, is een uitgebreide terugkoppeling 

gegeven tijdens de persconferentie op 28 juni 2019 in Oslo [zie referentielijst]. Wij beschikken over de video-

opname, maar de spreker heeft zijn verhaal in het Noors verteld. Uit de sheets van hem zijn diverse zaken 

op te maken, maar de informatie is hier – vanwege de taal – onder voorbehoud. 

 

Figuur 16: Sverre Junker bij de persconferentie. 
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DELFT UNIVERSITY OF TECHNOLOGY – GREEN VILLAGE
Explosion involving 3.5 kg hydrogen Blast calculation according to Ref. [15].
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PRESSURE EFFECTS ON PEOPLE, STRUCTURES AND EQUIPMENT

Entry Overpressure Damage/injury
(kPa)

1 190 Occupants of unstrengthened building will be killed by direct action of blast, by being
struck by building debris, or by impact against hard surfaces [16].

2 69–76 Occupants of unstrengthened building are expected to suffer severe injuries or death from
direct blast, building collapse, or translation [16].

3 70 Probable total destruction of buildings; heavy machine tools moved and badly damaged
[17].

4 60 Loaded train boxcars completely demolished [17].
5 55 Occupants of unstrengthened building will be killed or incur serious injuries by blast to

eardrums and lungs, by being blown down or struck by fragments and building debris [16].
6 50–55 Unreinforced brick panels, 25–35 cm thick, fail by shearing or flexure [17].
7 50 Loaded tank cars/train wagons overturned; brick walls, 20–30 cm thick, collapse [17].
8 40–45 Collapse of pipe bridge [17].
9 35–40 Displacement of pipe bridge, failure of piping [17].
10 20–40 Large trees fall down [17].
11 35 Breakage of wooden telephone poles; most buildings destroyed, except for concrete rein-

forced shear wall buildings; platting of cars and trucks pressed inwards [17].
12 30–35 Near-complete destruction of houses [17].
13 30 Cladding of light industrial buildings ruptured. Panelling torn-off [17].
14 20–28 Frameless, self-framing steel panel building demolished; rupture of oil storage tanks [17].
15 24 Personnel injuries of a serious nature or possible death are likely from fragments, debris,

firebrands or other objects. There is a 10% chance of eardrum rupture [16].
16 15–20 Unreinforced concrete or cinderblock walls shattered [17].
17 20 Heavy machines in industrial buildings suffer little damage; steel frame building distorted

and pulled away from foundations [17].
18 18 Lower limit of serious structural damage; 50% destruction of brickwork of houses [17].
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Table 1: Continued.

19 16 Personnel may suffer temporary hearing loss or injury from secondary blast effects such
as building debris and the tertiary effect of displacement. No fatalities or serious injuries
from direct blast are expected [16].

20 15 Partial collapse of walls and roofs of houses [17].
21 7–15 Corrugated asbestos shattered. Corrugated steel or aluminum panels fastenings fail, fol-

lowed by buckling; wood panel fastenings fail, panels blown in [17].
22 10 Steel frame of clad buildings slightly distorted [17].
23 5.9–8.3 Personnel are provided a high degree of protection from death or serious injury with

injuries that do occur being principally caused by glass breakage and building debris [1].
24 8 Partial demolition of houses, made uninhabitable [17].
25 7 Collapse of roof of a tank [17].
26 3.5–7 Windows usually shattered; occasional damage to window frames [17].
27 5 Minor damage to house structures [17].
28 3 Limited minor structural damage [17].
29 2 Probability of 0.95 of no serious damage beyond this value; some damage to house ceilings;

50% of window glass broken [17].
30 1 Typical threshold for glass breakage [17].
31 0.7 Breakage of small windows under strain [17].
32 0.3 Loud noise similar to sonic boom; occasional glass failure [17].
33 0.2 No structural damage; occasional breaking of large window panes already under strain [17].
34 0.15 Annoying noise [17].
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HYDROGEN PURITY FOR FUEL CELLS

 Hydrogen Availability Fuel Cell Requirements 
Class 3.0 5.0 6.0 ISO 14687-2 

(2012) 
Manufacturer

H2 mole fraction ≥ 99.9 (%) ≥ 99.999 (%) ≥ 99.9999 (%) ≥ 99.997  
N2 + Ar (ppm)  ≤ 3 ≤ 0.5 ≤ 100 ≤ 100 
H2O (ppm) ≤30 ≤ 5 ≤ 0.5 ≤ 5 ≤ 5 
O2 (ppm)  ≤ 2 ≤ 0.5 ≤ 5 ≤ 5 
CxHy

a (ppm)  ≤ 0.5 ≤ 0.1 ≤ 2 ≤ 2 
CO2 (ppm)   ≤ 0.1 ≤ 2 ≤ 1 
CO (ppm)   ≤ 0.1 ≤ 0.2 ≤ 0.1 
Sb (ppb)    ≤ 4 ≤ 1 
NH3 (ppb)    ≤ 0.1  ≤ 1 
Halogens (ppm)    ≤ 0.05 ≤ 0.05 
Formaldehyde (ppm)    ≤ 10  
CH4 + N2 + Ar (ppm)    ≤ 100  
Particles (mg/kg)    ≤ 1  
Total contami- 
nants (ppm)  

   ≤ 300  

Applications Metallurgy Gaschromato-
graphy 

Semiconductors 
Calibration gases 

PEMFC PEMFC 

Source Linde Linde Linde  Ballard 
Notes: (a) Excluding methane. (b) Sum of sulfur containing compounds in natural gas. 
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