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Abstract

Sodium alanate is being experimentally tested in scaled-up quantities. For this
purpose, several tanks have been designed and constructed. The tank functionality
during absorption and desorption of hydrogen was demonstrated in a scale of 8 kg of
alanate, with a peak technical absorption time below 10 min. The absorption and
desorption data show good reproducibility. Neutron radiography was used in another
tank to show the powder’s physical behaviour during sorption, showing conservation

of the macroscopic structure during cycling.

Keywords: hydrogen storage, sodium alanate, tank, scale-up, in-situ neutron

radiography.

Introduction

Hydrogen as an energy vector has been discussed as the most promising alternative
to fossil fuels, with a special emphasis on its storage [1, 2] for some time. Since no
known storage method or material has been able to reach the targets set either in
Europe or in the USA for light-duty vehicles [3, 4], this is still an important research
field. However, the focus has shifted lately from basic investigation into materials to
more applied systems [5]. In this frame, development and scale-up of known
materials into practical tanks and systems starts to take precedence. In this work, the
behaviour of two tanks, one with ~8 kg and the other with ~100 g sodium alanate is
presented. The first one was designed and built in the frame of the EU STORHY
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project and is being thoroughly tested within another EU project, NESSHY. The
design, as well as simulation results regarding its sorption behaviour have been
published elsewhere [6, 7]. The type of tank selected was a different one from similar
efforts in the USA [8], since a tube-and-shell construction with the alanate in the
tubes, although somewhat heavier, would lead to better heat transfer and avoidance
of hot spots, with better kinetics as a result. Since demonstration of good kinetics was
the main driver of the design at the time, the compromise reached between hydrogen
sorption kinetics and tank weight was a good one. This has been vindicated by the

hydrogen sorption results shown here, which represent the main novelty of the work.

Material and Methods

The hydrogen storage material used in this work was sodium alanate doped with
TiCl3-AlCl3, following the synthesis described elsewhere [9, 10]. A full description of
the tank design, steel used, and other parameters, has already been published [6].
For the testing of the 8 kg alanate tank and subsequent designs, a new lab has been
designed and built. In order to maximize safety, the testing chamber was equipped
with explosion-safe devices, as well as a venting system for overpressure events.
Fig. 1 shows the tank connected to the testing setup inside the explosion-resistant

testing chamber.

Fig. 1

The lab contains all measuring equipment (pressure gauges, mass flow controllers,
thermocouples), as well as the electronics, valves, computer system and the auxiliary
equipment. This consists of two subsystems: a hydrogen supply subsystem for
pressures up to 130 bar using hydrogen of 99.999 % purity and a heat transfer
system for operation temperatures up to 180 °C. The standard operation conditions
are pmax = 100 bar and T = 125 °C for charging; pmin = 0.2 — 10 bar and 160 - 175 °C
for discharging the tank. In order to measure the hydrogen absorption curves shown
below, the tank is brought to the operational temperature of 125 °C by means of heat
transfer system using an oil flow of ~130 kg/min. Then, mass flow controllers let the
selected flow of hydrogen pass into the tank, so that the pressure increases up to the
desired level (100 bar). During the whole procedure, hydrogen flow, pressure and oil

temperature are monitored and recorded at intervals of 0.5 sec. For the hydrogen



desorption, the procedure is similar, with the difference that the temperature is
160 °C and the hydrogen flow reverses its direction, coming out of the tank. When a
pressure of 0.2 barg is reached and the flow of hydrogen negligible, the data

acquisition is stopped.

Results and discussion

The design of the 8 kg alanate tank was optimized regarding the minimization of
hydrogen charging time [6]. The goal in this respect was a charging time of less than
10 minutes for 80 % of the capacity. Fig. 2 shows that this has been achieved in the
12" absorption. Cycles 1 to 10 were activation cycles and are therefore not

considered here.
Fig. 2

In this figure, it can be seen that the charging process is divided into three regions:
one from 0 to 0.5 wt %, where the charging speed is highest, one from 0.5 to 2.1 wt
%, which shows a somewhat lower charging speed, and one from 2.1 to the final
capacity of 3.7 wt %. The first region corresponds to an increase in pressure inside
the tank vessel, without chemical reaction. The second region is due to the first step
of the reaction leading to the formation of NazAlHg (combined with a further increase
in pressure), while the third region accounts for the second step of the reaction
leading to the formation of NaAlH4 and the increase to the final pressure of 100 bar.
Both capacity and speed of charging are in good agreement with previous data from
lab-scale reactors [9, 11] and milligram scale samples measured in Sieverts’ — type
apparatus, showing that the scale-up of the system does not have adverse effects on
its behaviour, and indicating that further scale-up is possible without degradation of
storage properties.

At this point it is important to distinguish between material capacity and total capacity.
The former gives the amount of hydrogen being stored in the hydride, bound as a
chemical compound. The latter includes this plus the amount of hydrogen that
remains in the gas phase inside the tank at the end of the loading procedure. As can
be seen in Fig. 3, these amounts differ by some 0.6 wt % (around 13 % of the total

capacity).



Fig. 3

Since the hydrogen in the gas phase will also be used in the application to which the
tank is attached, it is reasonable to include it in the calculation of the available
amount of hydrogen. Additionally, the system capacity is another metric of interest in
this respect. It takes the amount of hydrogen available and divides it by the weight of
the tank (hull plus metal hydride). The test tank used here was optimized for high rate
of absorption only and not for light weight, thus it has a system capacity of some
0.8 wt %. In Fig. 3 it is also clearly visible that the material capacity curve has a
change in slope at around 0.8 wt %. This corresponds to the change from the first to
the second reaction step as previously mentioned. The change in slope is not evident
in the total capacity curve because the lower hydrogen absorption into the material
was compensated by a pressure increase.

Another important target in the evaluation of the tank is to ascertain that the results
obtained during testing are reproducible. In order to do this, a series of absorption
experiments was carried out under the same experimental conditions. These
conditions were 125 °C, 2 to 100 bar of pressure, and the limitation to a maximum
normal hydrogen flow rate of 240 Ln min-1 using a mass flow controller. The results
of the three repetitions are shown in Fig. 4.

Fig. 4

Considering the slope of the curves, it becomes evident that the speed of the
absorption reaction is nearly the same for the three charging processes, as is to be
expected since it is limited by the hydrogen flow available from the mass flow
controller.

On the other hand, the capacity increases with the cycle number. This is probably
due to an activation process. It has been shown by Gross et al. [12] that, in some
cases, up to 10 cycles are necessary to obtain the full capacity of sodium alanate. It
is possible, although far from certain, that the size of the system contributes to this
process, i. e. until all the modules in the tank reach the same status, a number of
cycles is necessary. Since other authors do not report any activation cycles [10], this
topic will need to be investigated further.

In the dehydrogenation process the dependency between hydrogen flow, pressure



and temperature is different from that of the hydrogenation. Whereas in the latter a
constant pressure means that a limit is set to the temperature than can be used
because of the equilibrium conditions having been reached [13], in the
dehydrogenation the rate of desorption will be higher the higher the temperature is.
The only limits for the temperature are those set by the vessel materials, the heat
transfer system and the advisablility of not melting the sodium alanate (Tmeling = 184
°C). In the case of the equipment used in this investigation, the desorption

temperature is limited by hardware to < 180 °C, and we use 160 °C (see Fig. 5).

Fig. 5

In Fig. 5, the difference in permitted hydrogen flow is visible: in the case of the 16th
desorption, the hydrogen output valve was opened more widely than for the others.
Therefore, the total capacity curve in the 16th desorption is much steeper than for the
other two desorptions after the initial stage, where the slope is determined by the
maximum allowed flow of 240 Ln min™.

In order to directly observe the behaviour of the powder inside the tank under
operating conditions, an imaging technique is desirable as a complement to the
volumetric Sieverts’ one just described. Due to the sensitivity of neutrons towards
hydrogen, and their ability to penetrate the pressure hull of an hydrogen storage tank
if made of aluminium, neutron radiography is the ideal technique for in situ imaging
investigations. For these experiments a special 165x165 mm large tank was used
with a sample thickness of 6 mm, diameter of 105 mm and a 40 mm thick
manganese-strengthened aluminium wall. The tank, equipped with heating cartridges
and temperature sensors, is designed for operating conditions of 100 bars and
180 °C. Aluminium can easily be penetrated by neutrons while still offering enough
mechanical strength. In order to avoid a possible activation of the chlorine atoms,
TiF3; was selected as the dopant of choice in preference to the more known TiCls or
TiCl,. Although the fluoride has been shown to be less effective than the chlorides
[13], this seems to be mainly dependent on the preparation route, and other authors
have shown good behavior for alanate doped with the fluoride [14]. After conditioning
of the tank at 125 °C, hydrogen was absorbed at the same temperature, using a
pressure of 80 bar and at a slow hydrogen flow of first 25 and then 50 mLn min-1,

regulated by an automatic mass flow controller. For desorption a temperature of



160°C and a fast flow of several Ln min-1 were used. After the first absorption and
desorption cycle, a second complete absorption was performed. Fig. 6 shows the
results of the neutron radiography measurements on the NaAIlH, tank.

Fig. 6

The first graph, Fig. 6a, shows the material after filling (loose powder) and before any
loading has taken place. Fig. 6b shows an intermediate stage of the loading, which
was carried out at an initial pressure of 80 bar and 125 °C. A dendritic channel
structure of free space has developed from the loading port in the lower left corner to
the more distant powder particles. The darker color indicates that hydrogen, which
interacts with neutrons rather powerfully, is already in the bulk. Fig. 6c¢ is the final
stage after charging with hydrogen, discharging and recharging once more. Although
the alanate phase changes chemically during cycling the channel structure remained
comparatively stable. However, the darker colour of the bulk material in Fig. 6b, and
even more so in Fig. 6¢c shows that the hydrogen is homogenously distributed.
However, to optimize such a storage tank, the formation of channel structures has to
be avoided, since it can prevent heat transfer from and to the inner part of the
powder bed so that the sorption kinetics becomes slower. Neutron radiography
shows that the channels are not necessary to charge the powder, so that capacity

can be increased by compacting the powder instead of using it in a loose form.

Conclusions

It can be concluded that the tank designed within the STORHY project fulfils the
kinetics goals set, thereby validating the design and simulation work carried out
previously. Moreover, the ease of use, speed of charging and result reproducibility of
the 8 kg alanate tank have proven to be outstanding, paving the way to the
application of hydrogen storage tanks based on complex hydrides wherever a source
of waste heat compatible with the energy needs of the tank (especially regarding the
temperature level) is available. This is the case especially in large scale and
stationary applications. Neutron radiography has proven to be a reliable method to
obtain images of the hitherto hidden inner regions of a hydrogen storage tank, and

will be developed further. A use as a quality assurance testing tool may be possible.
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Fig. 1 8 kg alanate hydrogen storage tank connected to the testing setup in the

explosion-protected lab.

Fig. 2 Fast charging operation of the 8 kg alanate tank at 125 °C nominal
temperature and pressure ranging from 3 to 100 bar. 12th cycle.

Fig. 3 Material and total capacity as well as H2 flow and temperature vs. time for a
typical absorption at 126 °C and pressure increasing from 1 to 109 bar with the H2

flow capped at 240 Ln min-1 nominal rate

Fig. 4 Comparison of three charging operations under the same conditions: 2 — 100
bar, 125 °C, 240 Ln min-1 maximum hydrogen flow.

Fig. 5 Hydrogen desorption curves for cycles 16 to 18 at 160 °C and pressures going
down to 0.2 barg. In cycle 16, the exhaust valve was opened by hand more widely

than in cycles 17 and 18.

Fig. 6 Neutron radiography images of a sodium alanate hydrogen storage tank. a)
initial state without hydrogen, b) filled with ca. 50 mLn H, during the first absorption,

c) filled with ca. 20 Ln H, after dehydrogenation and renewed hydrogenation..
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