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Over the last decades, hydrogen has gained attention as an ideal and clean energy carrier.

v' H, is as neutral carbon fuel
v" High efficiencies for energy conversion are achieved when it is employed as feedstock for
power production

However, its low volumetric energy density and the difficulties associated with gas handling
are the main drawbacks associated to H, which have so far prevented H, - based

technologies to achieve popularity for commercial applications in the power production
field.

¥

SOLUTION

Hydrogen storage in the chemical bonds of hydrogen carrier compounds.

Liquid fuels generated from hydrogen could in fact be easily transported
over long distances, stored for long time and later decomposed to
produce H, when required.
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AN Ammonia as a potential H, carrier
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High volumet.ric Relatively low cost Easy to liquefy Easy to store and Carbon free
energy density transport
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H, production via
ammonia
decomposition

NHj; storage
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P H, production via NH; decomposition

araNH_.2a
Ammonia decomposition
2NH; & N, +3 H,
kJ
AH?= 459 ——
mol
* The reaction proceeds with molar expansion > Low pressure
* The reaction is endothermic - High temperature
] Equilibrium curves for stoichiometric composition of NH3 N2 H2
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H, production via NH; decomposition

Ammonia decomposition
2NH; & N, + 3 H,
k]

AH? = 459 —
s mol

A conventional system for H, recovery from NH; would require:

Pure hydrogen

Rigeneration
Adsorption

Reaction unit
working at high
temperature

Feed

H,/N, separation unit

2NH; & N, +3 H,
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Process intensification is defined as a set of innovative principles
applied in process and equipment design, which can bring benefits in
terms of:

A

EFFICIENCY

LA,

Process efficiency Lower capital and ’ Higher quality of
operating costs ay products

Size Sustainability
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H, production via NH; decomposition in a
catalytic membrane reactor

MEMBRANE REACTOR

H2 o e . .
N2 NH; decomposition reaction into H, and N,
J.-.-II and high-purity H, separation are
H simultaneously performed
‘%Qfﬂ‘ H, perm-selective
I membranes
1l / @ & @
i Ammonia decomposition
t 2 NH; & N, + 3 H,
NH3

TU/e 5'.:'.32.?55%; Workshop
(Disclosure or reproduction without prior permission of ARENHA is prohibited). TECHNOLOGY )2 04.2022



AaralhNH A

Page 9

H, production via NH; decomposition in a
catalytic membrane reactor

MEMBRANE REACTOR

1 v High-purity H, is recovered through Pd-

V based membranes

.J;L wpermsciecive ¥ higher NH; conversion can be achieved at
| S pRmanes lower temperature, hence the system is more
1 efficient while inherently separates a pure H,

stream
v’ since the whole process occurs in a single unit,
the footprint of this technology is reduced
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Lab-scale experimental set-up for NH; decomposition at TUE

Catalyst
» Ru/Al,O,

Membranes

» Double-skin Pd-Ag membranes

Arenha-1
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catalytic membrane reactor
100 100
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> In a conventional packed bed reactor, the conversion AP [bar] 3
achieved is limited, especially by kinetics at low temperatures,and  permeate pressure [par] ~ 0.01-I
cannot reach the thermodynamic equilibrium conversion. Tt e o [Iodeim] | o8
» When the membrane reactor is adopted (and permeate is kept  Temperature [°C] 400 - 425 - 450

at | bar),atT > 425 -C NH; conversion is higher than the
equilibrium without the membrane

» The use of vacuum at the permeate side of the membrane
considerably enhances the NH; conversion
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catalytic membrane reactor

Effect of pressure

_100% F
3
S 90% f
>
o
(8]
o 80% |
o
2 70% }
©
=
(o]
B 60% |
(0]
>
[
8 50% |
T
2 40%

Influence of the reaction pressure on ammonia conversion, hydrogen
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L ]
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® —aA— Ammonia conversion
@ —@&— Hydrogen recovery

8 Hydrogen purity

2 3 4 5 6
Reaction pressure [bar]

7

99.998%

1 99.996%
1 99.994%
1 99.992%
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1 99.988%
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1 99.984%
1 99.982%
1 99.980%

99.978%

recovery and hydrogen purity at 450 °C for a feed flow rate of 0.5 Ly/min
of pure ammonia. The experimental results have been obtained with a Pd-

based membrane with double sealing configuration

By increasing pressure in the retentate:

H, purity [%]

Experimental conditions

Permeate pressure |

[bar]

Feed flow rate 0.5
[Ln/min]

Temperature [°C] 450

» H, recovery increases.Values above 90% are achieved for operating pressures higher than 5 bar.
» H, purity in the permeate decreases.
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P H, production via NH; decomposition in a
areNlHs? catalytic membrane reactor

Effect of NH; flow rate
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Influence of the inlet feed flowrate on ammonia conversion, hydrogen
recovery and hydrogen purity at 450 °C and 5 bar(a). The experimental
result have been obtained with a Pd-based membrane with double
sealing configuration.

By increasing the NH; feed flow rate:

» NH; conversion slightly decreases.

» A lower amount of H, passes through the membrane, resulting in lower H, recovery
and higher H, purity.
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cata )’tIC membrane reactor : ”
Experimental conditions
AP [bar] 2
Effect Of vacuum Permeate pressure [bar]  1-0.01
Feed flow rate [Ly/min] 0.5
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Influence of the permeate pressure for experiments carried out at 450 °C, 3 bar(a) and 0.5 Ly/min of ammonia. Left: ammonia
conversion and hydrogen recovery factor (HRF); right: hydrogen purity and ppm of ammonia in the hydrogen recovered. The
experimental results have been obtained with a Pd-based membrane with double sealing configuration.

By applying vacuum conditions to the permeate side of the membrane:

The pressure difference across the membrane is maximized

NH; conversion and H, recovery increase

H, purity in the permeate decreases

The process performance parameters are constant over time, resulting in a good process
stability.

YV VYV
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Stability test

In order to prove its performance stability, the membrane has been exposed to
reaction at 3 bar, 450 °C and with the permeate at atmospheric conditions for
almost 600 hours (discontinuously).
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Stability test of the membrane reactor using the double sealing membrane for reaction carried out at 450 °C, 3 bar(a), 0.5 L/min of ammonia and the
permeate at atmospheric conditions. The experimental results have been obtained with a Pd-based membrane with double sealing configuration.

» The process performance resulted to be stable over time.
» No decrease in the hydrogen purity, neither in the amount of hydrogen recovered were
observed.
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enhanced storage Oxide Fuel Ce
Haber-Bosch
1 loop
gL [
Electrochemical N2 production
| Ammonia
‘”""”"_NH combustion
~ H, purity required for FC application:
» NH; concentration < 0.1 ppm
Ammonia electrosynthesis 3 ‘
Further work must be addressed on increasing the purity of hydrogen
produced via ammonia decomposition in the membrane reactor
TU/e Ewlegggwop Workshop
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Strategy |: Employment of membranes with thicker selective layer

. NH
Thickness . . H, S
A H,/N, perm-selectivity concentration in
selective layer recovery

(T=450°C and AP=1 bar) the permeate
m %
[um] [%] [ppm]

m 1 5210 o 47 (£2.1)

Temperature 500° C, reaction pressure 4 bar(a), ammonia feed flow rate 0.5 L /min

Membrane

code

84.8 <0.75

» A thicker membrane selective layer results in a lower hydrogen recovery as well as in
a lower NH; concentration in the permeate

» While with Arenha-3 the NH; concentration in the permeate was measured to be
below the FTIR detection limit (0.75 ppm), with Arenha-2 the same result can be

achieved with the introduction of an NH; removal unit downstream the membrane
reactor
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Hydrogen purification from ammonia
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Strategy 2: Introduction of a H, purification unit downstream the
membrane reactor

When introducing a H, purification unit downstream the membrane
reactor:

» Thinner membranes can be used with a consequent decrease of
investment costs:

: = T Gas permeation = | Pd needed for membrane fabrication
| Thickness & = | Selectivity > *= | Number of membranes

» As hydrogen purity depends in this case on the performance of the
adsorbent bed and not entirely on the reactor operating conditions, it is
possible to operate the reactor at lower temperatures compared to the case
in which no hydrogen purification stage is adopted and to accept higher NH,
concentration at the reactor outlet (permeate side). This brings benefits

from an energetic point of view, albeit at the expenses of a slight
decrease in the hydrogen recovery.

EINDHOVEN
e e TU e BT workshop
(Disclosure or reproduction without prior permission o is prohibited). 07-04-2022



AP

areNH.a

Hydrogen purification from ammonia

Strategy 2: Introduction of a H, purification unit downstream the
membrane reactor
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Experimental conditions
» When the produced H, with traces of ammonia is forced to pass Membrane Arenha-2
through a zeolite 13X bed, it is possible to sharply reduce the Tifelmess seleaiive (e [l |

ammonia content of the stream.
» In the first part of the experiment (no sorbent) the NH;

Permeate pressure [bar] |

. . . . Temperature [°C] 450
concentration in the permeate is detected to be in the range
between 70 and 80 ppm Retentate pressure [bar] 3
» When the H, purification unit is connected to the hydrogen NH; feed flow rate [Ly/min] 0.5
permeation stream, the NH; concentration decreases to levels Sorbent Zeolite 13X
below the detection limit of the FTIR
EINDHOVEN
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Hydrogen purification from ammonia

Purge N, l
Permeate @
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Retentate @ : Heat for
\|/ | regeneration
——————— >
|
|
| A
Heat for
Cold flue gases .
< regeneration
Burner

NH;

_,<

Hot flue gases

T Pure H,

TU/e Ewleggs\:wOF Workshop
Page 20 (Disclosure or reproduction without prior permission of ARENHA is prohibited). TECHNOLOGY  37_04-2022



Page 21

* X %

Conclusions

* % %
* %

* 4 x

The membrane reactor is a technology with high potential to efficiently recover
H, from NH;,as NH; decomposition into H, and N, and high-purity H,
separation are simultaneously performed with several advantages over
conventional systems for H, production via ammonia decomposition

To be able to use NH;-derived hydrogen for fuel cell applications, the residual
ammonia concentration in the H, stream must not exceed 0. ppm

Two possible strategies consist in the employment of thicker membranes and in
the introduction of a H, purification unit downstream the membrane reactor
Further work will be address in the optimization of the membrane reactor

performance and operating conditions, specifically in terms of catalyst loading.
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Thank you for your attention
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