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Hydrogen as a fuel
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« It represents a environmentally clean energy%
source. The mass-related energy density of
hydrogen 1s very high; 1 kg of hydrogen contains
120-133 MJ, which 1s approximately 2.5 times
more energy than 1s contained in 1 kg of natural
gas.

 Hydrogen 1s a promising energy carrier in future
energy systems. However, storage of hydrogen 1s a
substantial challenge, especially for applications n
vehicles with fuel cells that use proton-exchang

membranes (PEMsS).



Overall: H, + 20, - H,O
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tasteless, non-toxic, noncorrosive, non-metalli
diatomic gas

Most important characteristics 1s 1ts low
density

Leakage rates are by a factor of 50 higher than
for water and by a factor of 10 compared to
Nitrogen.

It 1s positively buoyant above a temperature
22K
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Parameter

Hydrogen

Molecular weight [g/mol]

2.01594

Stoichiometric fraction in air [vol%] 29.53
Boiling point (BP) [K] 20.268
Melting point (MP) [K] 14.01
Triple point:  Temperature [K] 13.8
Pressure [kPa] f
Critical point: Temperature [K] 33.25
Pressure [MPa] 1.297
Density [kg/m’] 31.4
Electronegativity [Pauling scale] 2.20
Density of gas @ NTP “ [kg/m’] 0.08345
gas @ STP ¥ [kg/m’] 0.08990
gas @ BP [kg/m’| 1.338
liquid @ BP [kg/m’] 70.78
solid @ 4 K [kg/m’] 88.0
Expansion ratio liquid/ambient 845
Diffusion coefficient @ NTP ¥ [m/s] 0.61*10™"
Diffusion velocity @ NTP ¥ [m/s] < 0.02
Buoyant velocity [m/s] 1.2-9
Specific heat (constant p) of gas @ NTP  [k]/(kg K)] 14.85
gas @ STP ' [kJ/(kg K)] 14.304
gas @ BP [kJ/(kg K)] 12.15

liquid @ BP

[kI/(kg K)1

9.66
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Available Technologies

CGH, (compressed gaseous hydrogen), 35—
70 MPa, room temperature

LH, (liquid hydrogen), 0.1-1 MPa,- 253 °C

Cryoadsorption on high-surface-area
materials, 0.2— 0.5 MPa, -193 °C



Liquid Cryo- Interstitial Compressed Alanate Salt-like

hydrogen adsorption metal hydride hydrogen metal hydride
100matwt% = 65matwt% = 2matwt%  100matwt%  55matwt% 7.5 matwt% 11 matwt%
Operating temperature

70 -170°C 330°C »» 1000°C

Corresponding energy to release hydrogen in MJ per kg H,

0.45 3.5 15 n/a 23 37 142
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Compressed Gaseous Hydrog

* To achieve vehicles with a range of about 500 km, 1t 1s

* Mechanical work to compress hydrogen 1s approximately 18
MIJ per kg of hydrogen at 70 MPa, or 14.5 MJ per kg at 35
MPa.

* 0.048 kg H, per kg tank weight and 0.023 kg H, per liter tank
volume. Together with the requirement of a cylindrical design
(caused by the large operating pressures of about 35— 70
MPa), the integration of such a tank into existing car
architectures remains an important challenge

* Three-vessel carbon composite unit to store 4.2 kg of
hydrogen at 70 MPa weighs 135 kg (the weight of a simile
steel system would be 600 kg)

* Refill an empty CGH2 system completely within three
minutes.
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Liquid Hydrogen

Potential advantage of LH, systems 1s the high
mass density of hydrogen at -253 C and 0.1 MPa.

The energy required to liquety hydrogen already
consumes 30% of the chemical energy stored
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Very low phase-change enthalpy of about 0.45 MJ
per kg of H, between the liquid and gaseous state

Heat flowing from the environment into the tank
vessel leads to an evaporation of the hydrogen
(boil- off) and increasing pressure within the tank

On-board- and infrastructure-related, lead to
unacceptable hydrogen losses.



(Cryo-)Adsorption

Adsorption is an exothermic reaction
Desorption is an endothermic reaction

Cryo-adsorption

Hydrogen Conventional metal hydride
on high surface materials gas phase
2-5 kJ per mol of H, % c© % 8 % 20—30 kJ per mol of H,

Adsorption
on internal surfaces,
e.g. pores,
powder surface
; \‘
‘w%

Amount of specific Weak bonds H, splits into protons, Strong bonds
surface are is hydrogen === host diffuses into metal hydrogen === metal
decisive

== cryogenic operation temperature  and is absorbed - elevated operating temperature
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General Considerations
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* Typical adsorption enthalpies for hydrogen on W
adsorbents such as carbon or metal-organic
frameworks are 1n the order of 25 kJ per mol of
hydrogen.

* For Nitrogen, the heat of vaporization 1s 5.6 kJ per mol
of N,.

* Considering a heat of adsorption of 2 MJ per kg of H, ,
we would need 2200 moles of N, corresponding to 80
kg liquid nitrogen would be needed.

* About 200 kg of liquid nitrogen would be necessary 1f
the heat of adsorption would be close to the higher
values of 5 MJ per kg of H,
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[UPAC (international union for pure and appl
chemistry)classification on pores
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Macroporous  (>50nm)
Mesoporus (2-50nm)
Microporus (<2nm)

Generally, the hydrogen uptake 1s limited by both
the specific surface area, with a proportionality
constant of 1.9x102 wt % g m™ , and by the pore
structure and sizes of the adsorbents.

Ideal materials have a high surface area and pores
in the micropore range; ideally below 1 nm.



Adsorption Isotherms
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* An Adsorption Isotherm is obtained by
measuring the amount of gas adsorbed
across a wide range of relative pressures at a
constant temperature (typically liquid N,,
77K). Conversely desorption Isotherms are
achieved by measuring gas removed as
pressure 1s reduced

* 5 Classical Iostherm types described by
Brunauer, Deming, Deming and Teller.



Amount adsorbed ——»




Type I 1sotherms are given by microporous solids having relatively
small external surfaces (e.g. activated carbons, molecular sieve zeolite
and certain porous oxides), the limiting uptake being governed by the
accessible micropore volume rather than by the internal surface area.

The Type II 1sotherm represents unrestricted monolayer-multilayer
adsorption. Pomnt B , the beginning of the almost linear middle section
of the 1sotherm, 1s often taken to indicate the stage at which monolayer
coverage 1s complete and multilayer adsorption about to begin.

Type III 1sotherm 1s convex over its entire range and therefore does not
exhibit a Point B. In such cases . the adsorbent- adsorbate interactions
play an important role.

Type IV, 1ts hysteresis loop 1s associated with capillary condensation
taking place in mesopores

The Type V 1sotherm 1s uncommon: it 1s related to the Type III 1sotherm
in that the adsorbent- adsorbate interaction 1s weak

The Type VI 1sotherm, in which the sharpness of the steps depends on
the system and the temperature, represents stepwise multilayer
adsorption on a uniform non-porous surface.
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Promoting by Splllover
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H Hadissociation




* cryoadsorption 1s still in the development™
phase, and significantly improved hydrogen™©
adsorber materials are needed.
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it shows a way of tackling the drawbacks of
LH, systems as the respective phase-change
energy 1s an order of magnitude greater than
that of liquid hydrogen.

It can revolutionize hydrogen storage if

adsorber materials are discovered 1n the near
future with 10 wt% or more excess capacity
at -196 C and approximately 2—3 MPa.



Many Thanks

» Questions ?




