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e A prototype of metal hydride
compressor was released based on
commercial alloys.
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electrolyser driven by photovoltaic
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e The optimized compression pro-
cess results in an average H,
flowrate of 104 Nl/min.
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ABSTRACT

The use of hydrogen as energy vector implies the development of the necessary in-
frastructures for hydrogen handling. A two-stage metal hydride compressor was developed
and integrated in a small-scale hydrogen refuelling station at prototype level. In this work,
the compression on site of green hydrogen using metal hydrides is exhaustively presented
taking into account all the necessary aspects to bridge the gap between the laboratory and
the real application. In particular, all aspects for the setting up of a metal hydride
compressor, i.e. selection and characterization of selected metal hydrides, sizing of the
plant components, design and the tests aimed to optimize the working performances are
presented and deeply discussed, including energy consumption and efficiency necessary to
build up a commercial system. The compressor employs two commercial alloys, i.e. a
LagoCep 1Nis from Labtech in the first stage and the Hydralloy-C5 from GfE in the second
one. Working between room temperature for absorption and 150 °C for desorption, the
hydrogen produced by the electrolyser at 28 bar is compressed up to 250 bar, resulting in a
compression ratio of about 9. The metal hydride compressor has a final power consump-
tion of 614 W, of which 85 W are linked to the hydrogen sorption reactions, while other
contributions come from the pumps involved in the plant and the dissipations. The
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compressor presents an isentropic efficiency of about 11% for less than 1 kg of powder in

each stage and an average H, flowrate of 104 Nl/min is observed. The performances of the

plant were optimized and maintained for a working time of about 245 h.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

In spreading the use of hydrogen as an energy vector, its
compression still plays a key role, since the gas phase is the
most widely used method to handle hydrogen [1]. The existing
storage cylinder allow to store H, up to 200 bar (type I), but,
since high pressures are required to store a large amount of H,
in a small volume, tanks with pressures up to 700 bar are also
available (type III and IV) [2]. As an example, hydrogen refu-
elling stations (H2RS) for cars need to deliver H, over 700 bar,
i.e. the pressure required on board, while 350 bar are necessary
for buses [3]. Indeed, the higher is the pressure on board, the
higher is the amount of stored H, and the longer are the dis-
tance that can be covered [3]. Nowadays, conventional me-
chanical compressors are widely used, since they allow to face
the high pressure required by applications. Nevertheless,
these technologies imply loss in heat, high energy consump-
tion and high maintenance costs, resulting one of the main
investment for a refuelling station [1,4,5]. To overcome these
problems, several non-mechanical technologies are consid-
ered as alternatives, i.e. electrochemical, cryogenic, adsorp-
tion and thermally powered compressors based on metal
hydride (MH) [1,6,7].

For the latter technology, compression occurs thanks to
the thermodynamic of the equilibrium of the reversible reac-
tion between a metal/alloy and H, to form MH and heat. The
equilibrium implies that at low temperatures correspond low
pressures, while at high temperatures, pressures increase.
Thus, the compression occurs since H, is absorbed at low
temperatures (Tiow) and low pressures, forming a MH, and
afterwards, by heating the MH at higher temperatures (Thign),
H, is released at a pressure considerably higher than absorp-
tion. Afterword, H, can be stored or further compressed by
another stage. Thanks to their thermodynamic properties, MH
obtained from intermetallic compounds (e.g. TiFe-based,
TiMn,-based and LaNis-based) are usually considered, [1,8].
Metal hydride compressors have several advantages, e.g. no
moving parts, low maintenance, implying low Operational
Expenditure costs (OPEX), and easy design [8,9]. Moreover, a
high purity compressed gas is delivered. This technique is
even promising from an environmental point of view, when
waste heat can be used instead of electricity [10].

In the past years, the feasibility of MHs to compress H, was
widely proven through a series of laboratory scale compres-
sors, reaching delivery pressure above 350 bar [11-22].
Nevertheless, few examples exist at the prototype level and
even fewer are commercially available. The commercial items
and prototype systems proposed till now can work generally
between room temperature in absorption up to a maximum of
150 °C, delivering a pressure up to 200—250 bar [9,23,24]. A

commercially available compressor is the compact HyCo
developed by GRZ Technologies for laboratory purposes [9,23].
The Norwegian company HYSTORSYS AS [24] provides com-
pressors able to release up to 250 bar at 150 °C, with an
hydrogen flow up to 30 Nm?h, depending on client needs [25].
A common use of MH compressors is the integration in H2RS,
and a representative example is the systems built for the
refuelling of forklifts in South Africa at the HySA laboratory
[26] and in Croatia, in the framework of the project HYDRI-
DE4MOBILITY, in which MH compressors were provided by
HYSTORSYS AS [24,27]. The latter company provided a first
compression stage of a refuelling station for cars in Lillestrgm
(NO), in substitution of a diaphragm compressor [25,28]. The
HYSTORE Technology Ltd developed a prototype of a
compressor that delivers H, at 220 bar by working at moderate
temperature, i.e. 80 °C, allowing the use of water as thermal
fluid [17]. In Ref. [29], a high-pressure MH compressor was
presented, with an output pressure of 414 bar at about 130 °C.

Commercial/prototype systems reported above have in
common the use of IMCs with not declared compositions,
which are often not available on the market, but a private and
specific production is inferred for these systems
[17,23—25,27,29]. This is not advantaging for an industrial
scale production of MH compressors, since it implies the need
of alarge quantity of powders, that can be obtained only by an
industrial production. The advantage of realizing prototypes
based on already commercially used compounds is their
availability, allowing an easy scaling up and introduction on
the market. To our knowledge, only one example is present in
the literature in which the use of commercial hydrides powder
was explicitly mentioned: the MH compressor realized thanks
to LaNis and Lag sCeq sNis IMCs acquired from the Whole Win
company [30]. By using these commercial alloys, H, is released
at 150 bar and 150 °C and the compressor has a size for me-
dium/large scale applications [30].

In this work, a green hydrogen refuelling station was
designed and tested to exploit the production and compres-
sion onsite of H, at 200 bar in a 3.0 | tank, corresponding to
600 1 in normal conditions and about 54 g of hydrogen. This
amount of hydrogen was produced being in line with quan-
tities suitable for light mobile applications, like drones.
Considering a PEM fuel cell consuming 0.8 Nm? of hydrogen
per kWh produced, this corresponds to an energy content of
about 0.75 kWh, allowing a drive time of 1 h for a drone with a
power of 750 W. In fact, the market of drones is now attracted
by the hydrogen technologies thanks to the higher energy
density compared to batteries [31], allowing to reach higher
time of flights. The higher is the pressure and the amount of
hydrogen stored, the higher is the time of flight and the
smaller is the required volume. As an example, Intelligent
Energy for a 650 W Fuel Cell expects a time of flights of 85 min
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with 2.01 of compressed H, (pressure not given) with 256 W h/
kg [32].

This work aims to show the feasibility of a completely
green H2RS based on renewable energies, exploiting the pro-
duction of H, by an electrolyser (EL) driven by photovoltaics
(PV) and a MH compressor based on commercial alloys,
working between room temperature and a maximum of 150 °C
[17,23—-25,27,29]. The work includes a market survey to find
suitable commercial materials that can fit the requirement of
pressure (i.e > 200 bar, between room temperature and 150 °C).
On the basis of selected alloys, their characterization, the MH
compressor design and building, and its integration in the
H2RS have been performed. Tests aimed to optimize the
process according to plant design will be presented. Finally,
the alloys were analysed after their use in the plant to detect
possible chemical and properties variations.

Experimental

The selected IMCs are the LagoCeoNis commercialized by
LabTech and the Hydralloy-C5 produced by Gfe. Alloys were
studied before and after their usage in the MH compressor.
The structural and morphological characterization of the
commercial alloys was performed by Scanning Electron Mi-
croscopy (SEM) and Powder X-Ray Diffraction (PXD) analysis.
Alloys were characterized as loose powder with a SEM in-
strument Tescan Vega, by acquiring secondary electron (SE)
images for the morphological study, while Energy Dispersive
X-ray (EDX) elemental maps were acquired at 20 keV. Powders
were analysed with a X'Pert Pro diffractometer in Debye-
Scherrer geometry, equipped with Cu-Ka source and X'cele-
rator detector. The powder samples were manually grinded in
a mortar and packed in glass capillaries with a diameter of
0.8 mm. Measurements were performed with steps of 0.016°,
from 25° to 135° in 26, time per scan of 130 s, for the (LaCe)Nis;
and from 25° to 100° in 20, time per scan of 250 s, for the
Hydralloy-C5. Qualitative analyses of the PXD patterns were
performed with the software X-Pert High Score, while the
Rietveld refinements of the crystal structures were carried out

with the software Maud [33]. Finally, the hydrogen sorption
measurements were performed with pressure-composition-
temperature (pcT) curves in a Sievert's type apparatus from
the AMC of Pittsburgh, where temperature is controlled
through an electric furnace. Pure hydrogen 6.0 commercial-
ized by Nippon gases was used.

Results and discussion
H, refuelling station design

The developed small-scale refuelling station provides H, at a
pressure >200 bar, exploiting electrolysis driven by PV and
compression based on MH, charging a 3.0 1 type IV cylinders.
The H2RS consists of three main parts, as schematically
shown in Fig. 1.

1) The EL hydrogen production, integrated with the PV panels.
2) The compression stage composed of the MH compressor.
3) The high-pressure storage, i.e. the 3.0 1 cylinder.

Concerning the production of H,, after a market survey,
evaluating EL performances in terms of delivery pressure,
working temperature, the feasibility to be integrated with PV
panels (PVP), output H, flow and costs, the EL model EL250
commercialized by Enapter was selected. It is an alkaline EL,
based on KOH, which produces H; at 35 bar, working from 5 °C
to 45 °C, and presenting an output H, flow of about 250 NI/h
and an operative power consumption of 1.3 kW. It can be
supplied by grid current or by PVPs. At 35 bar, the producer
declared an output H, purity of 99.94% with oxygen and water
expected as contaminants. In particular, the producer advices
about 600 ppm of water in the outer H, gas at 30 bar, while, at
the same outlet pressure, there are no data available con-
cerning the oxygen content. To increase the purity of the outer
gas, a homemade purification stage was integrated at the
outlet of the EL, that consists of a stainless-steel tube filled
with Zeolite 13X, to reduce the amount of water, thanks to its
adsorption. The EL was supplied with a PV plant that, in order

PV panels

U4

MH compressor

Fig. 1 — Schematic representation of the hydrogen refuelling station.
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to provide the necessary amount of power, was sized with 10
panels of 300 W, commercialized by Hanover Solar.

The compressor was designed on the basis of the EL
characteristics and on the assumption that the flow of H,
must be spontaneous, due to the exploitation of a different
pressure among various stages. This implied that the MH
needs to absorb H, directly form the EL at pressure <30 bar.
Furthermore, it was important to fix the values of temperature
in absorption (Tjow) and desorption (Thign). For Tiow, Room
Temperature (RT), e.g. about 20—30 °C, was selected, to have a
similar working temperature of the EL, avoiding any cooling or
heating step. For Thigh, 150 °C was chosen, in line with
commercially available or prototypes of MH compressors
realized so far [23—25,27,30,34].

Alloys’ selection and characterization

Market survey and selection of alloys

The selection of proper alloys involved a market survey of
commercially available IMCs among producers at interna-
tional level (e.9. Whole Win, GKN, JMC, LabTech, Gfe). The
equilibrium pressures at the Ty, and Thign Were estimated by
applying the Van’t Hoff equation [8], using values of AHaps/des
and ASgpg/des reported in the literature and/or declared by
producers for the considered compositions. From the market
survey, it was evident that about 250 bar can be achieved at
150 °C with the Hydralloy-C5, commercialized by Gfe. It is an
TiMn, IMC, that has, as a drawback, to be sensitive to O, and
H,O contaminations [8]. Since the H, produced by the EL
contains both O, and H,O, as previously described, it was
necessary to design a first absorption stage using an alloy
more resistant to the impurities present in the gas supply
working as a purification, since during the desorption stage
only hydrogen is released, while contaminants are reacting
with the material. The Lag 9Ceo ;1Nis alloy commercialized by
LabTech was selected, which is a LaNis-based alloy [8] with
high resistance to impurities and a low equilibrium pressure
at Tyw in absorption, allowing the integration of the
compressor with the EL. Thus, the MH compressor is
composed of two stages: the first uses ABs Lag oCep 1Nis alloy
and the second AB, Hydralloy-C5. These alloys were obtained
from providers in form of powder and stocked in air.

Structural and morphological characterization
The morphology and the composition of the received powders
were investigated by SEM acquiring SE images of the loose
powders (Figure S2-a, b) and through EDX elemental analysis
(Table S2). The LagoCeo1Nis was received as a fine powder,
with an average particle size lower than 0.8 mm (Figure S1-a).
From the EDX results, the composition of the Lag oCeg 1Nis was
confirmed. Concerning Hydralloy-C5, the powder has a
coarser size, with particle dimensions lower than 2 mm, in
agreement with producer declaration (Figure S1-b). The
Hydralloy-C5 is a TiMn,-based alloy substituted with Zr, Fe
and V [35]. The composition declared by the producer was
confirmed through EDX elemental analysis (Table S2) and it
results in the composition Tipg9s5Zr0.0sMn155V0.45F€009, N
agreement with the literature [36—38].

PXD patterns were acquired to investigate alloy's structure
and the possible presence of secondary phases. In both

samples, no secondary phases were detected, and their
structural information were evaluated through the Rietveld
refinement (Figure S3). The Lag 9Ce 1Nis (Figure S3-a) has the
same CaCus structure space group P6/mmm of the LaNis, with
cell parameters a = 4.980(7) A and ¢ = 3.992(2) A. Because in
LaNis the cell parameter a is equal to 5.01(8) A and ¢ equal to
3.98(7) A [39], it turned out that the substitution of La with Ce
causes a decrease in the cell parameter a and a slight increase
in the cell parameter c, that promotes an increment in the
equilibrium pressure as reported in Ref. [40]. The Hydralloy-C5
(Figure S3-b) has the hexagonal phase Laves-(C14) with ob-
tained cell parameters a equal to 4.873(3) A and c to 7.988(5) A.

H, sorption properties

Alloys for hydrogen sorption typically require an activation
before the first hydrogenation [41], that has to be performed
directly on the plant. Both compression stages have been
designed to be able to be activated simultaneously in the same
conditions of pressure and temperature, to allow an easy
plant management. Due to design requirements and safety
issues, temperature and pressure in the plant cannot exceed
350 bar and 200 °C, respectively. Therefore, being 150 °C the
selected Thg, in the compression stages, an activation pro-
cedure at the same temperature was developed, to avoid
changes in temperature between the activation and the
compression processes. Both alloys have been activated in
isothermal conditions at 150 °C, alternating the loading of H,
in the alloy at 50 bar and the unloading at 1 bar bar. Six cycles
were necessary in total for the complete activation of the
Lap oCep 1Nis and ten for the Hydralloy-C5.

After the activation, pcT-curves were acquired at 25 °C,
42 °C, 65 °C, and 87 °C for the LagoCep1Nis (Fig. 2-a), and at
32°C, 56 °C and 79 °C for the Hydralloy-C5 (Fig. 2-b).

From experimental data, enthalpy (AH) and entropy (AS)
have been obtained by the Van't Hoff plot, for both hydrogen
absorption and desorption reactions (Figure S4). Values were
calculated taking the equilibrium pressure in the middle of the
plateau per each temperature (0.8H, wt.% for the Lag sCeo 1Nis
and 1.2H, wt.% for the Hydralloy C-5). Table 1 reports obtained
thermodynamic parameters, namely AHaps/des aNd ASabs/des-

In both cases, experimental thermodynamic data are in
agreement with those reported in the literature, where, for the
LaooCe 1Nis, values of, respectively, AH and AS in absorption
of 26.3 kJ/molH, and 100 J/molK and desorption of 31.5 kJ/
molH, and 113 J/molK are reported in Ref. [42], while for the
Hydralloy-C5, 23 k]J/molH, and 97 J/molK in absorption and 28
kJ/molH, and 112 J/molK in desorption are reported in Ref. [43].
From obtained pcT-curves (Fig. 2a—b), it can be observed that a
remarkable hysteresis is present for the LagoCeo 1Nis, while
the slope is limited in both alloys, but it increases with
increasing temperatures, especially for the Hydralloy-C5 in
absorption. Using obtained thermodynamic data, by applying
the Van't Hoff equation, the equilibrium pressure in absorp-
tion and desorption, Pioy, and Pprigh, were evaluated at the Tioy,
of 20 °C and Ty;gy, of 150 °C, and results are reported in Table 1.
As expected by the market survey, the Hydralloy-C5 should
release hydrogen at pressure higher than 200 bar, i.e. 236 bar,
at 150 °C, while the Lag oCeq 1Nis could be directly loaded with
hydrogen supplied by the EL, thanks to its low equilibrium
pressure of 9 bar at 20 °C. It is worth noting that the Hydralloy-


https://doi.org/10.1016/j.ijhydene.2023.05.155
https://doi.org/10.1016/j.ijhydene.2023.05.155

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 34105—34119

34109

abs des

e oT32°C :ﬁ%’g‘
A 2 TB6°C ;é’.;
= 0T79°C W

Fig. 2 — pcT-curves in absorption (full points) and desorption (empty points): a) for Lay 9Ceo 1Nis and b) for Hydralloy-C5.

Table 1 — Experimental AH,ps/des and AS;ps/des and the equilibrium pressure, Py, and Py;gh, calculated at a Tiow 0f 20 °C and

Thigh of 150 °GC, respectively, for selected alloys.

Alloy AHps kJ/molH, AS,ps J/molK Pjow bar AHges kJ/molH, ASges J/molK Phign bar
Lag oCep 1Nis 26 106 31 115 150
Hydralloy-C5 23 98 13 29 113 236

C5 shows also a low equilibrium pressure at Tiow, i.e. 13 bar,
being able to absorb H, directly from the EL, resulting suitable
for a single stage MH compressor, if high purity H, would be
available.

The kinetics of hydrogen loading in LagoCeNis was
evaluated by performing an absorption curve in working
conditions similar to those of the plant, i.e. 25 °C and 23 bar. In
these conditions, the 90% of the capacity is processed in
10 min, achieving 1.2H, wt.%, while the maximum amount of
about 1.4H, wt.% was reached in 20 min.

Development of the hydrogen refuelling station

MH-reactors

The amount of IMC to allocate inside the reactors was calcu-
lated considering compressing hydrogen at 236 bar (the
equilibrium pressure of the Hydralloy-C5 at 150 °C, Table 1) in
about 5 h, to guarantee one charge per day of the 3.01 cylinder.
Moreover, it was necessary to consider that the same amount
of H, has to be absorbed at both stages, but selected alloys
have different H, storage capacity, i.e. 1.2H, wt. % for the
LagoCep1Nis and 1.6H, wt.% for the Hydralloy-C5 (deduced
from the pcT-curve at 32 °C of Fig. 2-b). It resulted in the use of
a lower amount of Hydralloy-C5 in the second stage (700 g)
compared to the first one (880 g) of Lag oCep 1Nis.

Reactors were made in AISI 316 stainless steel, with a dou-
ble tube geometry and with the same volume. Dimensions
were evaluated for the first reactor (R1), that was designed
considering leaving 30% of free volume to allow the expansion
of the alloy during hydrogen absorption. Since the second
reactor (R2) has the same dimension of R1, but a lower amount
of powder, it resulted in almost a 50% of free volume. Table 2
reports dimensions of R1 and R2. Fig. 3 shows the design of
one reactor through a CAD representation, describing the
evolution of successive layers, from the powder (i) to the final
reactor (iv).

Table 2 — Reactor's dimensions.

Internal diameter (@i,¢) porous metallic filter 12 mm
Porosity of the metallic porous filter 0.2 um
Reactor length 389 mm
Internal reactor volume 0.363 dm?
@int inner tube 42.2 mm
@int outer tube 52 mm
Thickness 4.85 mm
@int capillary for the heat exchange 3 mm

Fig. 3 — Details of the design of the MH-reactor with a CAD
highlighting: i) the powder with inside the porous filter for
the flow of H,, ii) the external part of the inner tube with
the capillary, iii) and iv) the external jacket and coating.

The IMC was inserted as loose powder in the inner tube of
the reactor (Fig. 3-i). Inside the reactor, a homemade porous
metallic filter is located to allow a homogeneous distribution of
the H, in the powder-bed. The filter consists of a tube in steel
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Fig. 4 — a) PFD of the H2RS; b) detailed picture of the MH compressor.

with holes on the surface, coated with a metallic sheet with
2 pm porosity (Table 2). The filter helps also to prevent the
spread of the powder out from the reactor. The gas inlet and
outlet occur from the same filter. At the connection of the
reactor with the hydrogen line, an additional filter of 0.5 um is
present to assure that the powder is not spread along the gas
line. In the double tube geometry, the external jacket is dedi-
cated to the flow of the thermal fluid that is forced thanks to a

small metallic capillary (Fig. 3-ii-iv). Finally, the reactor was
insulated with rock-wool and closed in an aluminium coating.

System integration
Fig. 4-a shows the Process Flow Diagram (PFD) of the realized
H2RS.

A control panel allows the opening/close of the pneumatic
valves of the H, and thermal fluid lines and the switching on/
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off of the components of the thermal circuit. The hydrogen
line was realized entirely using tubes in AISI 316L stainless
steel, with an external diameter of 6 mm and a thickness of
1.5 mm. At the stack of the EL, H, was produced at 42 °C with a
pressure of 32 bar. As can be seen from the PFD (Fig. 4-a),
downstream of the purification unit a bundle of 6 cylinders of
501is present, which was filled with the H, produced by the EL.
It is a low-pressure storage to guarantee a hydrogen buffer to
assure the operability of the H2RS in case of stop of the H,
production through electrolysis. Then as can be seen from
Fig. 4-a, at the outer of the compression unit, a high-pressure
storage of 2 cylinders of 50 1 up to 200 bar is also present to
assure a fast high-pressure refuelling, when necessary (Fig. 4-
a). At the outlet of the purification stage, H, flows towards the
bundle and to the compressor. A detailed picture of the
compressor is shown in Fig. 4-b. MH-reactors are located
horizontally to avoid tension on reactor walls [44]. Tempera-
ture and pressure are registered as a function of time during
absorption/desorption steps. A three-points thermocouple is
located inside the MH-bed, while digital and analogical pres-
sure readers are present along the H, line. Thermocouples are
also located at the input and output of the two-thermal cir-
cuits. The two thermal circuits are separated (Fig. 4) and the
design of the thermal management allows that, while one
reactor is warmed (i.e. desorption stage), the other is cooled
(i.e. absorption stage), but it is also possible to heat/cool both
reactors in parallel, as necessary during the activation pro-
cess, to allow the simultaneous processing of the alloys. As
thermal fluid, the oil Therminol was used, that flows thanks to
pumps, one per each circuit. In the hot circuit, the oil is
warmed up by an electrical resistance regulated by a ther-
mostat, while in the cold one, it is cooled using a fan. The H, at
the outlet of the MH compressor can be directly stored in the
3.01 cylinder.

Legenda:

Blue SEL-SR1
Green  SR1

Orange SR1-SR2

Red SR2

Cyan SR2-Scylinder

EL

[l EEEEIITEED -f----------1 o
'
'
I
|

R2 1*4{ cylinder |

Fig. 5 — Schematic representation of one cycle of
compression through a Van't Hoff plot and the connection
between EL, R1, R2 and the cylinder, using different
segments and colours as link between the two
representations identifying different steps of compression.
In legenda the names assigned at the various coloured
steps are reported. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web
version of this article.)

Hydrogen compression

One cycle of hydrogen compression is schematically
explained in Fig. 5, with a Van't Hoff plot showing various
steps and the connection with EL, R1, R2 and the cylinder.
Tests were performed filling the 3.0 1 cylinder, but also 0.5 1
and 1.1 1 cylinders were considered, to evaluate the influence
of the final volume on the H, flow.

One compression cycle starts with the absorption of H, by
the alloy in R1 directly from the EL at the T}y (step named SEL-
SR1). When the absorption is completed, the connection with
the EL is closed, and R1 is heated at Thign (step named SR1),
with H, increasing the pressure. Then, H, is transferred from
R1 to R2, which is at Tiow (step named SR1-SR2). R2 receives
continuously H, released by R1 at Ty;gn at a pressure higher
than that necessary for absorption in R2 at Tioyw. When the
transfer of H, is finished and the MH in R2 is formed, the valve
between R1 and R2 is closed and R1 is cooled down to Tiow,
while R2 is heated up to Th;gn (step named SR2). As occurred in
SR1, in SR2 the heating of the MH implies the release of H, at
high pressure, and when R2 is in connection with the cylinder
(step named SR2-Scylinder), the H, desorbed by the alloy in R2
is directly transferred into the cylinder, filling it.

A fast absorption is observed by the Hydralloy-C5 in R2,
when absorbing hydrogen from the LagCep;Nis in R1, pro-
moted by the high difference in pressure between the
desorption pressure of the LagoCep 1Nis at 150 °C, i.e. 130 bar,
and the equilibrium pressure in absorption of the Hydralloy-
C5 at room temperature, i.e. 13 bar (Table 1). Indeed, the rate
of the hydrogen absorption reaction can be described by a first
order equation [45], in which, the reaction rate (v) is directly
proportional to the difference between the operative pressure
(p) and the equilibrium one (p.q), representing one of the main
driving forces of the reaction (v = k (p-peq), Where k is the re-
action rate constant). Thus, the higher is the difference be-
tween the supply and the equilibrium pressure, the higher
would be the expected reaction rate.

Fig. 6 shows the variation in temperature and pressure
registered during one cycle of compression in a 3.01 cylinder,
named, for the pressure, as pR1 and pR2 and, for the tem-
perature, as TR1 and TR2, in R1 and R2, respectively. The
various steps in the compression cycle, as shown in Fig. 4, are
identified by five zones with different colours. The cycle refers
to an intermediate cycle, in which there is already some H, in
the gas line left from the previous one.

The various steps are briefly described here below.

SEL-SR1: as reported in Fig. 5, and as can be visualized in
Fig. 6, the H, is absorbed by the Lag oCep 1Nis in R1 at a constant
pressure of 30 bar (pR1) supplied by the EL, at Tjow. The latter
depends on the temperature of the room, that was about 30 °C
during the test, as can be seen from the value TR1 and TR2 at
the beginning of the plot. The hydrogen absorption causes a
sharp increase in temperature of the powder-bed in R1 (TR1),
linked to MH formation, that is an exothermic reaction. In the
last part of reaction, a lower amount of H, is absorbed, so the
heat generated from the reaction decreases and TR1 progres-
sively decreases, movingback to the initial value of about 30°C,
driven by the thermal fluid. Being the connection between EL
and R1 always open, pR1 remains constant at about 30 bar.
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Fig. 6 — The H, pressure and temperature for R1 (black
continuous lines) and R2 (red dashed lines) as a function of
time, reported for one cycle of compression. The various
steps, as reported in Fig. 4, are identified by colours (steps
that occur before/after the one compression cycle are not
coloured). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version
of this article.)

SR1: the connection with the EL is closed and R1 is warmed
up at the Thigh (TR1). pR1 achieved a stable value of 130 bar,
while heating the reactor up to a maximum value of 130 °C, as
can be seen following TR1. Thus, the achievement of the
150 °C, planned Thign, is not necessary. Thus, when a stable
value for pR1 is reached, the connection between R1 and R2
can be opened (SR1-SR2).

SR1-SR2: TR1 decreases down to 100 °C, while TR2 in-
creases up to about 70 °C, and the pressure of the two reactors
reaches a common value. As soon as the connection is
opened, the H, released by the LagoCep 1Nis in R1 is simulta-
neously absorbed by the Hydralloy-C5 in R2, promoting the
local cooling of the MH bed in R1 since the process is endo-
thermic (TR1 decreasing) and a local warming in R2 because of
the exothermicity of absorption reaction (TR2 increasing). As
the reaction proceed, both pR1 and pR2 maintain the same
value and a progressive increase of internal pressure of the
system is observed. In the meantime, TR1 moves back toward
higher values driven by thermal fluid, and, similarly, TR2 is
driven back to 30 °C.

SR2: at the end of the hydrogenation of the Hydralloy-C5,
the connection between R1 and R2 is closed, and the circuits
of the thermal fluid are swapped, so that R1 is cooled down to
Tiow and R2 is heated up to Tyigh. In R1, the cooling causes a

Table 3 — Time per step of a compression cycle in test 1
and 2.

SEL-SR1 SR1 SR1-SR2 SR2  SR2-Scylinder
Test1l 10-15min S5min 2-5min 15 min 5 min
Test2 10—15min 5min 2-10 min 5 min 15 min

reduction of the pressure and the progressive absorption of
the free hydrogen left at the end of the previous step. In the
meantime, the rise of TR2 leads to an increase of pR2, as
expected.

SR2-Scylinder: finally, the connection between R2 and the
cylinder is opened. As can be seen in Fig. 6, there is a drop in
TR2, due to the endothermicity of the desorption reaction in
R2, as already mentioned for R1 in SR1-SR2. Also, pR2 has a
drop due to the filling of the cylinder, and then it increases,
thanks to the continuous desorption of H, from the Hydralloy-
C5. pR2 refers also to the pressure of the cylinder, since, as
occurred when the two reactors were connected (SR1-SR2),
when connecting R2 with the cylinder, the pressure is equili-
brated. When the connection between R2 and the cylinder is
interrupted (min 58), the compression cycle is finished and the
temperature in R2 is brought again to Tj.w. Thanks to the
design of the thermal circuit, i.e. to the fact that while one
stage is warmed the other is cooled, it is possible to start a new
compression cycle in the last 10 min of desorption from the
Hydralloy-C5 in R2. Indeed, when R1 reaches the Tjoy (min 46)
a new absorption cycle started again (rise in TR1).

As can be seen in Fig. 6, following the increase of TR2 in
desorption, the heating rate to reach 150 °C is quite slow,
requiring about 20 min. The heat released/absorbed during
the hydrogen sorption reactions is observed as a temperature
decrease/increase of the MH powder bed and it is an indica-
tion of the amount of hydrogen exchanged in the specific
stage. Indeed, the higher is the variation in temperature, the
higher is the amount of gas exchanged.

Optimization of compression

In order to define the best working conditions allowing to
reach a pressure as high as possible in the shortest time,

240

—Test1: pR2 — — -Test1: pcylinder 1
Test2: pR2 Test1: peylinder

200
160
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80

H, pressure / bar

40
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Fig. 7 — Hydrogen pressure of R2 (pR2) as a function of time
observed in two tests (solid lines). Dashed lines refer to the
progressive charging of the 3.0 1 cylinder.
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several filling tests were performed. As an example, timing per
step for two tests are reported in Table 3. Tests were per-
formed filling a 3.01 cylinder totally empty, and the difference
between the two processes is linked to the time left in the
various steps (Table 3).

Fig. 7 shows, as a function of time, pR2 acquired in the two
tests (solid lines), together with the pressure reached into the
3.0l cylinder during filled (dashed lines). Indeed, dashed lines
in Fig. 7 connect the pR2 values registered in R2 at the end of
each compression cycle, representing the variation of pres-
sure inside the 3.01 cylinder during the tests of charging.

For the step SEL-SR1, there is no difference in time in the
two tests (i.e. 10-15 min, Table 3), since it is linked to the re-
action time observed for the LagsCeNis when testing its
absorption reaction rate (Structural and morphological char-
acterization). Considering the temperature profile registered
inside the reactor (Fig. 6), the temperature of the room never
exceeded 32 °C, implying for absorption a temperature of the
powder bed 40 °C < Tiow < 45 °C, that was the minimum
temperature at which the fan was able to cool down the
reactor from the previous desorption stage. Despite the high
temperature of the MH-powder, the equilibrium pressure of
the Lag oCeq 1Nis is still lower than the supply pressure, i.e. 25 -
30 bar (Fig. 2-a). Even in the worst absorption conditions, i.e. 45
°C and 25 bar, it was not necessary to exceed 15 min.
Considering SR1, 5 min are fixed in both tests, since, as pre-
viously explained, a stable value of releasing pressure is ach-
ieved (Fig. 6). While a different time was investigated in the
two tests for SR2, SR1 — SR2 and SR2 — Scylinder.

In test 1, SR1 — SR2 connection time was increased from 2
to 5 min during the loading of the cylinder, followed by a fix
time of 15 min for SR2 and a final connection time between R2
and cylinder (SR2-Scylinder) of 5 min. Since 20 min are
required to warm up R2 up to 150 °C (Fig. 6), the overall time of
SR2 and SR2-Scylinder should not be lower than 20 min, if a
high pressure is desired to be reached, in agreement with the
thermodynamic study performed on the Hydralloy-C5 (Table
1). In this test, the desorption of the hydrogen was promoted
inside the reactor, minimizing the connection with the
downstream step, i.e. longer time for SR1 and SR2 compared to
SR1-SR2 and SR2-Scylinder. It results in an observed charging
pressure of the cylinder, i.e. the dashed line in Fig. 7, that
moves towards a plateau of about 150 bar.
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In the second test, it was decided to increase the connection
time with the downstream step, i.e. SR1-SR2 with 2—10 min and
SR2—Scylinder with 15 min, despite of only 5 min for SR2 (Table
3). This strategy should imply the promotion of the absorption
of the Hydralloy-C5 during SR1—SR2 and the release of H, in the
cylinder in the SR2-Scylinder. Indeed, the hydrogen flow
moves from a high pressure to a lower one, reaching an equi-
librium, as expected when two volumes of gas are put in
communication. However, in this case, the equilibrium is
driven by the amount of hydrogen that the Hydralloy-C5 can
release inside the 3.0 1 cylinder. This strategy promotes a
constant increase of the charging pressure inside the 3.0 1
cylinder, as can be seen following the dashed line in Fig. 7. At
the initial stages, the charging pressure is lower compared to
test 1, but the pressure increases without reaching a plateau,
allowing to achieve 200 bar of charge.

As a conclusion, test 2 resulted to be the best methodology
that can satisfy the goal of a high charging pressure of the
cylinder. The average time of one cycle of compression was
about 47 min in both tests. Nevertheless, test 2 turned out
more suitable for the filling of the 3.0 1 cylinder up to 200 bar,
thanks to a higher connection time in SR1-SR2 and SR2-
Scylinder, that allowed the Hydralloy-CS5, respectively, to
absorb and desorb more H,.

Hydrogen flow

From Fig. 7, it is possible to observe that the hydrogen pressure
in SR2 always reached 200 bar, rising even up 250 bar (peaks in
pressure in Fig. 7), which is more than 236 bar expected from
thermodynamic parameters (Table 1). As already observed by
acquiring the pcT-curves (Fig. 2-b), the latter pressure can be
linked to an increase of the slope of the plateau with tem-
perature, allowing to reach a pressure higher than expected
from the Van't Hoff equation. On the other hand, the gas
remained in the free volume of the reactor contributed to the
compression, increasing the overall pressure observed in this
stage. The duration of the SR1-SR2 (Table 3) depends on the
amount of H, desorbed by the Hydralloy-C5 during the
charging of the cylinder. Indeed, in first cycles, the low pres-
sure inside the 3.0 1 cylinder promotes the desorption of H,
from the Hydralloy-C5, that, therefore, in the following
compression cycles, required a longer time to be completely
charged during the absorption from the LagoCep Nis in
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Fig. 8 — a) Hydrogen flow and the charge pressure of the 3.0 1 cylinder as a function of the time of charge; b) average
hydrogen flow and the compressed amount of H, as a function of the volume the cylinder.
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SR1-SR2. Afterwards, while the amount of H,, as well as the
pressure, inside the 3.0 1 cylinder increased, the Hydralloy-C5
desorbed less and less hydrogen, and a shorter absorption
time was required for the SR1—-SR2. It resulted in a variable
hydrogen flow as can be seen in Fig. 8-a, which reports the H,
flow and the charge pressure of the 3.01 cylinder as a function
of time. The flow was calculated from the amount of H, added
in each compression cycle over the duration of it. In Figure S5
the flow and pressure cycle by cycle are reported for the filling
of the cylinder of 0.5 and 1.1 1.

Increasing the number of cycles, the flow of H, decreases
moving towards a plateau, passing from 165 NI/h to 42 NI/h
and resulting in an average flow of 85 NI/h. Nevertheless, the
design of the system allowed to start a compression cycle in
the final 10 min of the previous one, as previously described in
Optimization of compression, decreasing the overall time for
filling the cylinder. It means that, instead of 426 min required
considering the sum of times necessary for each cycle,
374 min were effectively necessary to fill the 3.0 1 cylinder,
resulting in an effective average flow of 104 NI/h instead of 85
NI/h. The same behaviour can be observed for the charging
pressure of the cylinder, that has a starting linear increase up
to 130 bar, and progressively decreases with the reduction of
the flow. This result highlights that the driving force of the
process is the difference in content of hydrogen and, in turn,
in pressure, between the hydrogen inside the cylinder and the
effective amount of H, discharged from the Hydralloy-C5, that
is linked to its equilibrium pressure at the Thign. As far as this
difference is high, the desorption from the Hydralloy-C5 is
fast. Afterwards, continuing the compression, i.e. rising the
charged pressure, and so the quantity of H,, inside the cylin-
der, the amount of hydrogen released by the Hydralloy-C5
decreased, as well as the desorption rate.

To evaluate the variation of the H, flow according to the
volume of the cylinder, tests on filling were also carried out
with 1.1 1 and 0.5 1 cylinders. The average flow and pressure
trends as a function of the filling time is similar to that
described in Fig. 8-a for the 3.0 1 cylinder. The same occurs for
the temperature and pressure profiles of Fig. 6, and so they are
not reported here. Fig. 8-b shows the average H, flow as a
function of the volume of the filling cylinder (3.01, 1.1 1 and
0.51), and Table 4 reports corresponding values, together with
the maximum H, flow, i.e. the flow in the first cycle of
compression, and the maximum final loaded pressure.

For the 1.11cylinder, the final charge pressure was 206 bar,
having an average flow of 77 Nl/h, while for the 0.5 1, 212 bar
was achieved with 45 Nl/h flow observed, (Table 4, Fig. 8-b).
Applying the same filling strategy developed for the 3.01 cyl-
inder (test 2), the average duration of whole compression cycle

Table 4 — Maximum hydrogen flow, average flow and

maximum loading pressure related to different volumes
of the cylinder.

Cylinder Maximum flow Average flow Load
volume | NI/h Nl/h pressure bar
3.0 165 104 200

1.1 165 77 206

0.5 105 45 212

was equal to 44 min and 42 min for the 1.1 1 and 0.5 ],
respectively. As it can be seen from Table 4, the maximum
hydrogen flow registered in the first cycle of compression for
1.11and 3.01 was the same, i.e. 165 NI/h, to be compared with
105 NV/h observed for the 0.5 1. 165 NI/h was attributable to a
gravimetric capacity of Lag oCe 1Nis alloy in R1 of about 1.2H,
wt.%, in line with the preliminary test (Structural and
morphological characterization). Indeed, independently from
the filling volume, considering an average time of cycle and
excluding the amount of free volume per stage, a flow of H, of
about 161 Nl/h can be estimated, which is not far from the
observed value of 165 NI/h, where also the free volume in the
gas line contributed to the final flow. This means that, in the
first cycle, with the cylinder of 3.01 and 1.1, it is possible to
promote the discharge of the maximum amount of H, avail-
able from the MH compressor. On the contrary, with a cylinder
of 0.5 1, the volume is not sufficient to optimize the
compression process. Fig. 8-b shows the quantity compressed
hydrogen as a function of the volume of the cylinder, together
with the average flow. As it can be seen, the flow increases
increasing the volume of the cylinder, but not linearly. While a
linear trend is observed regarding the amount of hydrogen,
meaning that the greater the volume of the cylinder the
greater is the desorption by the Hydralloy-C5 per cycle, as
explained previously with respect to the driving force of the
process. Comparing the average flow with the flow registered
in the first cycle, for the 3.0 1 and 1.1 1 cylinder, it represents
the 63% and 47% of the maximum one of 165 Nl/h, while for
the 0.51cylinder, it is the 43% of the maximum observed of 105
NI/h, and it is only the 27% of the maximum potential of the
MH compressor (165 NI/h).

The maximum pressure reached in step R1 is 130 bar at
130 °C, and it is higher than the value of 100 bar expected from
thermodynamic parameters of the LagoCeoNis alloy at the
same temperature. This increase can be associated again to
the slope of the plateau in the pcT-curve at 130 °C, and the
compression of the free gas left inside the reactor post-
absorption, as already mentioned for R2, with a maximum
pressure of 250 bar at 150 °C. These pressure values were
found during desorption in reactor not connected with the
downstream volumes (SR1 and SR2). The supply pressure for
the R1 considering the connection with the EL had an average
of 28 bar with a minimum down to 25 bar and resulting in a
compression ratio, CR, (desorption pressure in R2 over the
supply pressure in R1) equal to 9 and 10, respectively. Taking
into account that from a thermodynamic point of view, the
LagoCep 1Nis alloy could absorb H, at even lower pressure
(Table 1), the supply pressure might be even decreased, in
favour of an increase in CR.

Thermal fluid
In order to evaluate the flow of the thermal fluids, the tem-
perature and pressure were monitored, per each circuit, at the
inlet and outlet of reactors. The volumetric flow remained
constant during operations of the MH compressor, and it was
equal to 1.0 m%/h for the hot circuit and 0.8 m>/h for the cold
one.

Fig. 9 shows, for one cycle of compression, the temperature
profiles of the thermal fluids, as called Tin/out Hot, for the hot
circuit, and Tin/out Cold, for the cold one. The single
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Fig. 9 — Thermal fluid temperature inlet and outlet
registered at the hot and cold circuit during one cycle of
compression. Colours are used to distinguish various
compression steps as reported in Fig. 6. (For interpretation
of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

compression steps are highlighted as for Fig. 6, through the
coloured zones.

Looking at the temperature of the thermal fluid in the cold
circuit, when the hydrogen is absorbed by the LagoCe 1Nis
alloyin R1, i.e. SEL-SR1, and by the Hydralloy-C5 alloy in R2, i.e.
SR1-SR2, there was an increase in temperature of about
1.0 °C, due to the exothermic absorption process, with a dif-
ference between inlet and outlet of 0.5 °C. This means that,
while locally inside the MH-powder there was a substantial
increase in temperature of about 20—30 °C, as observed in
Fig. 6, the system at macroscopic scale was not warmed up.
Indeed, the role of the cold thermal circuit in absorption is to
avoid the warming up of the entire system due to the
exothermicity of the reaction. In this case, the thermal fluid is
efficiently removing most of the heat generated, since only
0.5 °C are attributed to the warming up of the system because
of the absorption reaction. The same can be observed in
desorption, considering the hot thermal fluid. In this case, to
contrast the decrease in temperature promoted by the endo-
thermicity, visible at local level inside the MH-power (Fig. 6),
when the Lag sCep 1Nis alloy was desorbing in SR1-SR2, and the
Hydralloy-C5 alloy in SR2-Scylinder, the thermal fluid needed
to efficiently release heat to avoid the cooling down of the
system. In this case, the difference between inlet and outlet
temperature was always approximately of 2.0 °C, with a
decrease due to the reaction of 2.0 °C. The hot thermal fluid
reached a maximum temperature of 165 °C to guarantee a
powder temperature in R2 of 150 °C. When the circuit needed
to be swapped, i.e. from cold to hot and vice versa, it was al-
ways observed an increase in temperature of the cold fluid of
about 30 °C and a decrease in the hot one of approximately the
same amount. These stages occurred in SR1 and SR2, that
refer to the change from absorption to desorption.

Power, energy and isentropic efficiency
The power consumed by the MH compressor was calculated to
investigate the feasibility of the MH compressor in real

applications. Moreover, the evaluation of the power necessary
is also fundamental to understand a possible optimization of
the design thinking for an up-scaling of the system. The
amount of power required by the MH compressor (Pyuc) was
calculated according to Equation (1):

Eq. (1)

where Pjissipated 1S the total power dissipated given by the sum
of the power dissipated by the non-insulated surfaces (hot
pump, handwheels of the thermal circuit, brass components
of the hot circuit in which the thermocouples are located), by
the pipes and by the tank of the hot circuit. Then, P,p,s and Pges
are, respectively, related to absorption and desorption, taking
into account the power to cool/heat the MH powder, the
reactor and the reaction enthalpy, considering the filling of
the 3.0 1 cylinder. Finally, Ppumpcola @nd Ppumpnot refer to the
power necessary to the pump in the cold and hot thermal
circuit, respectively, for the flow of the thermal fluid to keep
the temperature of the system.

The Pgissipatea turned out equal to 201 W, Ppumpeoa and
Ppumphot Was equal to 164 W for each pump, while the values
related to the reaction of hydrogen, i.e. Pg,s and Pges, were 39
and 46 W, respectively. Thus, the amount of power consumed
by the compressor (Pyuc) to compress the hydrogen, filling the
3.01cylinder, is 614 W for less than 1 kg of MH in each reactor.
Nevertheless, most of the contribution are related to the plant,
Ppumpcolds Ppumphot @Nd Paissipatea, instead of the reaction itself,
Paps and Py, highlighting that a better insulation is mandatory
to promote a reduction of the power required by the system.

The energy required to start-up of the entire plant was
calculated considering the energy necessary to heat the plant
from room temperature to 150 °C. Calculations took into ac-
count the energy to heat up the pump, the tank, the thermal
fluid, the pipes and the reactor. The overall amount of energy
required to turn on the plant was estimated equal to 1.0 kWh,
suggesting that in less to 2 h the compressor is able to reach
the steady state conditions.

Finally, the isentropic efficiency (n), that represents the
ratio between the isentropic work of compression (W) and the
energy used for compression (Q), was evaluated according to
Egs. (2)—(4) [46]:

PMHC = Pdissipated + Pabs + Pdes + Ppumpcold+Ppumphot

- Eq. (2
=4 a2
with
y—1
_ i Paes v
wo L [l ][(2) 7] o 1)
Q = nAHdes + (Csteelmsteel + Caﬂoymaﬂoy) (Tdes - Tabs) Eq (4’)

where v is the isentropic coefficient, C is the specific heat, R is
the gas constant, m is the mass, M the molecular mass, P is the
pressure and T temperature, while the abs/des subscripts
stand for absorption/desorption and supp for supply.
Considering the filling of the 3.01 cylinder, a W of 215 kJ and a
Q of 1876 kJ, resulting in an isentropic efficiency n of 11% for a
compression ratio of 9. While 12% is obtained with a
compression ratio of 10, implying that the efficiency is higher
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Fig. 10 — Isentropic efficiency in percentage as a function of
the cylinder volume.

when decreasing the supply pressure, as was already sug-
gested by Muthukumar et al. [47]. Values with up to a
maximum of about 20% of efficiency have been reported in the
literature [46—48]. However, it is important to point out that
the used methodologies to evaluate the efficiency are not
unique, and different equations, data from simulations or
models can be used. In this case, the overall amount of gas
compressed by the plant was considered, according to the
methodology reported in Ref. [46].

Considering other volumes of cylinders, with a compres-
sion ratio of 9, it was possible to observe a progressively in-
crease in n, increasing the volume, but not linearly, as can be
observed in Fig. 10.

This trend is linked to the amount of hydrogen processed,
highlighting that the 0.5 1 volume is not suitable for the
developed system, while 3.0 1 represents a proper filling vol-
ume, observing the highest amount of hydrogen compressed
and isentropic efficiency. This result confirms that the system
was properly sized during the design of the MH compressor
(MH-reactors).

Alloys’ characterization after their operation inside the MHC

The MH compressor performed 352 compression cycles,
resulting in an average working time of about 245 h, without
detecting significant losses in performances. Few grams of
alloys were taken out from the reactors after the tests and
characterized.

The cycling in hydrogen promoted a sensitive reduction of
the particle size, thanks to the variation in crystalline cell
volume between the hydride and the compounds in absorp-
tion and desorption [41], as it was investigating by acquiring
SEM-SE images. Considering the LagoCeqNis powder, the
average particle size passed from below 0.8 mm (Figure S1-a)
to below 25 um after the cycling in plant (Figure S1-c). On the
other hand, in the Hydralloy-C5 powder, a most homogenous
dimension of less than 150 um (Figure S1-d) was observed
compared to a coarse particle size of less than 2 mm
(Figure S1-b). The chemical composition of the alloys was
investigated by EDX. Concerning the Lag oCeg 1Nis alloy, when
the matrix was detected, it was observed that the starting

composition was maintained, while some Ni and La rich in
oxygen were also detected. These results suggest the occur-
rence of a disproportion reaction, that was also confirmed by
acquiring the PXD pattern (Figure S6-a). Together with the
diffraction peaks of the main phase, those related to Ni (fcc)
and to an unknown phase are highlighted in the pattern, with
black continuous line and dots, respectively (Figure S6-a). The
proper stoichiometry of the unknown phase is hard to assign
due to background noise and the amorphous band at low
angles related to the capillary. From the qualitative analysis of
the PXD pattern, the unknown phase is not related to the LaH,
(phase expected from the disproportion of LaNis-based alloys
[44,49]), but likely to an La-oxide, like La,03, or a La-hydroxide
phase, like La(OH)s. Indeed, in the literature, it is reported the
occurrence of a disproportion in LaNis-alloys in presence of
oxygen resulting in the formation of La(OH)s;, La,0; and Ni
particles [50]. In this work, the hydrogen absorption in Lago-
Ce(.1Nis alloy acts as a purification stage for hydrogen to be
provided to the Hydralloy-C5 alloy. So, the occurrence of
oxidation in Rlcould be linked to the impurities of oxygen/
water present in the hydrogen supply flow coming from the
EL. In addition, it has to be considered that the removal of the
alloys from the reactor occurred not in a proper inert atmo-
sphere and after several months after the final usage in the
plant. This might have promoted a possible oxidation too.
Concerning the Hydralloy-C5 powder, from the EDX analysis it
was observed that the composition of the matrix is main-
tained, and no degradation or oxidation occurred during
cycling. Indeed, by acquiring the PXD pattern, no secondary
phases were detected (Figure S6-b). The significant decrease of
powder size observed by the SEM—SE images promoted a
sensitively increase in the sorption rate, as it was observed by
acquiring an absorption curve for the Lag 9Ceg 1Nis alloy in the
same temperature and pressure conditions registered before
and after its use in the MH compressor (Figure S7-a). The curve
in Figure S7-a named “Before MHC” refers to the first hydro-
genation cycle after the activation in the laboratory of the as-
received powder. As can be seen, a stable value is reached in
about 10 min, on the contrary of less than 1 min in the alloys
after cycling in the compressor. For the Hydralloy-CS5 alloy, the
kinetic curve, registered in the same condition applied for the
Lag9Cep 1Nis powder, evidences also a fast sorption rate, with
about 2 min required to reach a stable hydrogen content
(Figure S7-b). The fast kinetics is likely linked to the reduction
of the particle size promoted by the continuous cycling,
thanks to the increase of the reactive surface area [51].
Nevertheless, for both alloys, the amount of hydrogen absor-
bed registered is decreased of about 0.3-0.4H, wt.%
(Figure S6). A decrease in capacity of the Lag 9Ceg 1Nis alloy can
be attributable to the occurrence of disproportion. Indeed, by
calculating the capacity absorbed by the alloy in the last cycles
of operability in the MH compressor, a value of 1.1H, wt.% was
obtained compared to 1.2H, wt.% observed at the beginning.
However, the loss registered at laboratory level is even lower.
Aloss in hydrogen sorption capacity was detected also for the
Hydralloy-CS5 alloy, even if the material did not undergo to any
degradation/oxidation. A possible explanation might be
assigned to the laboratory instrumental setup. Indeed, as re-
ported in Ref. [44], while locating reactor vertically if sample is
present as powder with small dimension, the storage capacity
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tends to decrease because of internal stress and material self-
densification, that decreases the porosity hindering the
diffusion of H, [44]. Indeed, the diffusion of hydrogen in MH is
lower than in the compound [52] and in vertical displacement
of reactor a first layer of MH is formed, hindering the pro-
gressive hydrogenation of the alloy. The instrument used in
this work for the analysis has a long and narrow tube dis-
placed vertically. Thus, because of the fine powder obtained
after the cycling in the compressor, when analysing the
powder inside the pcT-instrument, the self-densification
occurred, registering the loss in capacity linked only to pow-
der morphology.

In conclusion, the cycling in the plant promoted the
occurrence of a disproportion of the Lag oCeg 1Nis alloy, due to
impurities of oxygen and water in the gas supply. Since this
alloy is acting as purification step in the compressor, this
result is important for a possible scale-up of the system. Not
significant loss in performances were detected in plant man-
agement and with the obtained results it is difficult to predict
how could go on the degradation of the Lag ¢Ce 1Nis alloy up
to registering significant losses in performance of the MH
compressor. This result highlights the importance to remove
efficiently the impurities in the gas supply, since, as observed,
the properties of Hydralloy-C5 alloy are maintained.

Conclusions

An integrated system that includes a PV plant, an electrolyzer
and a two stages MH compressor was described in detail. The
MH compressor was realized based on the commercial alloy
Lag oCep 1Nis alloy in the first stage and the Hydralloy-C5 alloy
in the second stage. The system compresses hydrogen from
28 bar supplied by an electrolyser up to 250 bar, working be-
tween the room temperature of about 30 °C and 150 °C,
resulting in a compression ratio of about 9. Furthermore, an
average H, flow of 104 NI/h (i.e. 0.003 g/s) was observed with an
isentropic efficiency of 11% and a limited power consumption
of 614 W. As observed, mostly of the power results from plant
contribution, i.e. the pumps and the dissipated power, while
only 85 W are linked to the absorption and desorption reaction
of the hydrogen. The principles behind the compression work
result in a variable flow of hydrogen that decreased cycle after
cycle while filling the cylinder and also in a variable flow by
changing the filling volume.

This work highlights the easy design necessary to develop a
MH compressor and its integration in a green hydrogen refu-
elling station. In particular, the feasibility to use commercial
metal hydrides to achieve high pressure of hydrogen, i.e.
250 bar that is even higher than the MH compressor previously
realized based on commercial alloys reported in Ref. [30]. The
advantage is the limited amount of power required and the
easy scale-up of the entire refuelling station, thanks to the use
of commercially available items, i.e. PV panels, EL and MH al-
loys, encouraging its spread in the market.

Future work can be linked to the improvement of MH
compressor performances, investigating the influence of the
thermal vector flow, the feasibility to use solar panels to
generate the heat necessary for the reactions, in order to move
towards a fully green hydrogen refuelling station.

Nevertheless, this work points out the limited pressure
that can be reached with compounds available on the
market, implying a narrow range of applications in the
market. There is the need to develop commercially available
alloys able to compress hydrogen at higher pressures, for
the possible development of H, refuelling stations based on
MH compressor, where 400 bar or more than 700 bar are
required.
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