Renewable Hydrogen for the Pacific

Lecture 2: Hydrogen Storage, Transportation
and Utilisation
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Storage of Hydrogen

A Once produced, hydrogen must be safely stored

A Hydrogen can be stored in many forms:
A Physical storage
A Adsorption
A Chemical storage
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Physical Storage of Hydrogen

AThe storage of pure hydrogen
A In compressed (gas) form
A In liquefied form
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Storage of Compressed Hydrogen

High-density polymer liner
A Under ambient conditions,1 kg of hydrogen gas Carbon fiber composite )
occupies a volume ofll m3

A It must therefore be compressed for effective
storage and transport

A Compressed hydrogen is generally stored in
cylindrical pressure vessels

A Pressures are betweerB to 35 MPa

Dome protection

TPRD

Valve
Temperature sensor

Boss

TPRD = Thermally Activated Pressure Relief Device
Credit: Process Modeling Group, Nuclear Engineering Division. Argonne National Laboratory (ANL)
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Storage of Compressed Hydrogen

A Type I:

A Composed of metal

A Cheap but low maximum pressures
A Type II:

A Metallic liner with a composite fiber and resin
overwrap

A Improved mechanical strength but high cost
A Type IlI:

A Carbon fiber composite pressure vessel with a metal
liner

A Improved mechanical strength but high cost
A Type IV:

A Carbon fiber composite pressure vessel with a polymer
liner

A Reduced risk of hydrogen embrittlement at a higher
cost
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Compressed Hydrogen Advantages and
Disadvantages

A Most mature hydrogen storage technology A Requires large volume and significant

A High mobility and flexibility investment costs

A Lower pressure than liquefied hydrogen, A Vessels must be thick and strong to maintain
requires less compression and hence reduced structural integrity and avoid leakage
operating costs A Not considered viable for large scale

A Stored as pure hydrogen, therefore no operations

requirement for separation by end user A High flammability of gaseous hydrogen




Large Scale Compressed Hydrogen

A Feasibility of storing large quantities of
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Underground Compressed Hydrogen
Advantages and Disadvantages
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Low construction costs

Low leakage rates

Fast injection and withdrawal rates

Minimal risks of hydrogen contamination
Stored as pure hydrogen, therefore no
requirement for separation by end user
Large- scale storage can provide a buffer for
intermittent renewable energy

A Difficulty in finding caverns with the required
geological prerequisites: site specific

A Lower mobility and flexibility compared to
above- ground storage

A High flammability of gaseous hydrogen




Storage of Liquefied Hydrogen

A The density of hydrogen can be further increased
through liquefaction

A Liquid nitrogen pre-cooling achieves a
temperature of -193°C

A Claude or Brayton cycle further cools to
253°C

A Liquid hydrogen storage vessels are most
commonly double-walled with a high vacuum
applied between the wall

A The vacuum minimizes heat transfer via
conduction and convection
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Liquefied Hydrogen Advantages and

Disadvantages

A Mature hydrogen storage technology

A Much higher hydrogen densities than
compressed hydrogen, reducing transport
capital and operational expenditure

A Pure hydrogen, therefore no requirement for
separation by end user

A Energyintensive liquefaction process @reater
than a third of the energy value of producing
the hydrogen)

A Expensive storage vessels

A Hydrogen is prone to evaporation oréboil- offE
over time

A High flammability of liquefied hydrogen




Pilot Project Supply Chain
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is a world first.
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produces only
water as an
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Chemical Storage of Hydrogen

A Hydrogen can be chemically stored,
allowing conditions more favourable
than physical storage:

A Storage as metal hydrides

A Conversion to alternate chemicals
(Power to X)

Hydrogen Storage
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Metal Hydrides

A Hydrogen is bonded in hydrides with the addition of
energy
A Several types of hydrides include:
A Intermetallic hydrides (FeTi based alloys, LaNi)
A Metal hydrides (e.g. MgH,, AlH,)
A Complex hydrides (e.g. NaAll, LiBH,)
A Hydrogen is released by either heating or reaction
with water

A Solid storage of hydrogen exhibits a high volume
density and mitigates many issues associated with
compressed and liguefied hydrogen

Metal Hydride
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Liquefied H2

B Gravimetric Density (kWhrkg)

Absorption
Temperature Range: 25 — 2500°C
depending upon metal hydride

Desorption
(Temperature Range: 120 - 200°C
depending upon metal hydride)
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Compressed H2 Compressed H2 MH-Low

Stol

red Hydrogen
(5-7 wt.%)

(at 5000 psi) (at 10000 psi) Temperature

® Volumetric Density (kg/1)
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Metal Hydrides Advantages and
Disadvantages

A Strong bonding allows high density storage at A Low maturity

ambient conditions A More energy is required to release chemically
A Mitigates issues (such as flammability) of bonded hydrogen compared to physically
compressed and liquefied hydrogen bonded hydrogen
A Reversible cycle and reusability of metals for A Will require significant mass of metals for
storage large-scale use

A Exposure to moist air can cause violent
reaction with metal hydrides
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Road

A Transport of compressed and liquefied hydrogen
In pressure vessels can be undertaken on roads
by trucks using tube trailers

A A single truck is capable of transporting up to
1000 kg of compressed hydrogen or up td000
kg of liquefied hydrogen a distance of up t01000
km

A The cost of transport is approximately 2.5 $
tH,km-! for compressed hydrogen andL.0 $
tH,km-! for liquefied hydrogen
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$ tH,km-t is the cost of transporting onetonne of

hydrogen over one kilometer
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Rall

A Transport of compressed and liquefied hydrogen
In pressure vessels may also be undertaken by
rail

A Rail transport would allow for a greater quantity
of compressed hydrogen transport over longer
distances, reducing operational expense

A The cost of transport is approximately 0.5 $
tH.km-! for compressed hydrogen and).3 $
tH.km-! for liquefied hydrogen




Pipeline

A Hydrogen may be transported over short and medium
distances using steel pipelines

A Pure hydrogen can cause embrittlement in steel pipes
over long distances, however other piping materials
such as fiber reinforced plastic (FBR) and HDPE have
been proposed

A Costs of piping compressed hydrogen are expected to
be around0.2to 0.4 $ tH,km-!

A Pipelines may also be used for hydrogen carriers such
as methane




Ship

A Road, rail, and pipelines may be used to transport
hydrogen to export hubs, where it can be shipped
overseas

A Kawasaki Heavy Industry has developed a ship
that will carry up to 1,250 cubic meters of liquid
hydrogen

A Liquefied hydrogen may only be suitable for short
to medium length voyages due to energy losses
associated with boil- off

A Cost estimates range between0.02to 0.6 $ tH,km-
1, with the inclusion of loading and unloading
facilities adding significant cost
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Hydrogen as an Energy Source

A The primary use of pure hydrogen is as an
energy source

A Advantages of hydrogen as an energy source:
A Potentially unlimited supply
A High energy density
A Clean burning
A Storage of intermittent renewable electricity

A How can pure hydrogen be used for energy?
A Burned in gas form
A Converted to electricity in fuel cells




