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Abstract Metal hydride (MH) thermal sorption compression is one of the more important applications of the
MHs. The present paper reviews recent advances in the
field based on the analysis of the fundamental principles of
this technology. The performances when boosting hydrogen pressure, along with two- and three-step compression
units, are analyzed. The paper includes also a theoretical
modelling of a two-stage compressor aimed at describing
the performance of the experimentally studied systems,
their optimization and design of more advanced MH
compressors. Business developments in the field are
reviewed for the Norwegian company HYSTORSYS AS
and the South African Institute for Advanced Materials
Chemistry. Finally, future prospects are outlined presenting
the role of the MH compression in the overall development
of the hydrogen-driven energy systems. The work is based
on the analysis of the development of the technology in
Europe, USA and South Africa.

1 Introduction

& Volodymyr A. Yartys
volodymyr.yartys@ife.no

1

Institute for Energy Technology, P.O. Box 40, 2027 Kjeller,
Norway

Mykhaylo Lototskyy
mlototskyy@uwc.ac.za

2

Norwegian University of Science and Technology,
7491 Trondheim, Norway

Vladimir Linkov
vlinkov@uwc.ac.za

3

South African Institute for Advanced Materials Chemistry,
University of the Western Cape, Robert Sobukwe Road,
Private Bag X17, Bellville 7535, South Africa

4

Faculty of Engineering, University of Nottingham,
Nottingham NG7 2RD, UK

5

HYSTORSYS AS, P.O. Box 45, 2027 Kjeller, Norway

6

Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge,
TN 37831, USA

David Grant
David.Grant@nottingham.ac.uk
Alastair Stuart
Alastair.Stuart@nottingham.ac.uk
Jon Eriksen
jon.eriksen@hystorsys.no

The present work is aimed at review of the recent progress
made in the past years, particularly in the framework of the
International Energy Agency Task 32 Hydrogen Based
Energy Storage, in the area of the thermally driven systems
for storage and compression of hydrogen gas utilizing
metal hydrides (MHs).
Metal hydride (MH) hydrogen compression utilizes a
reversible heat-driven interaction of a hydride-forming
metal, alloy or intermetallic compound with hydrogen gas
to form MH and is considered as a promising application
for hydrogen energy systems. This technology, which initially arose in early 1970s, still offers a very good alternative to both conventional (mechanical) and newly
developed (electrochemical, ionic liquid pistons) methods
of hydrogen compression. The advantages of MH compression include simplicity in design and operation,
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absence of moving parts, compactness, safety and reliability, and the possibility to utilize waste industrial heat
instead of locally generated or purchased electricity for
much, if not all, of the heating of the MH containers.
The use of the waste industrial heat is a major winning
argument for MH compression by allowing dramatic
decreases in operational costs.
A state-of-the-art review on MH hydrogen compression
technology was recently published by Lototskyy et al. [1].
The studies reported after publishing this review were
mainly focused on the development and characterization of
MH materials for hydrogen compression [2–5], modelling
of the MH compression systems [6, 7], components and
system developments [7–10], including a review by Bhuiya
et al. [10] on non-hydrogen storage MH applications. Other
applications for MH compressors described since Ref. [1]
was published include generating high pressure for in situ
powder XRD studies [11] and MH-driven actuators [12].
This article outlines the critical components of the MH
hydrogen compression technology with a focus on the
phase equilibria in the metal–hydrogen systems and modelling of the heat and mass transfer processes in the coupled MH beds. The authors also present some recent
developments of industrial-scale MH hydrogen compressors at HYSTORSYS AS/Norway and SAIAMC/UWC/
South Africa. Finally, we briefly describe some additional
recently proposed applications for the MH hydrogen
compression technology.
1.1 General concept of the MH compression

At low hydrogen concentrations (0 B C \ a), hydrogen
atoms form an interstitial solid solution in the metal matrix
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(a-phase) with CðHÞ  PðH2 Þ according to Henry–
Sieverts law. When the value of C exceeds concentration of
the saturated solid solution (a), a precipitation of the
hydride (b-phase with hydrogen concentration b [ a) nucleates, and the system ideally behaves according to the
first-order phase transition law taking place at a constant
hydrogen pressure, P = PP (a B C B b). This pressure is
identified as a plateau pressure in the diagrams of the
metal–hydrogen systems. A further increase in hydrogen
concentration is again accompanied by the pressure
increase corresponding to the formation of an H solid
solution in the b-phase. When the concentration approaches a certain maximum value (C ? Cmax) corresponding
to the maximum hydrogen capacity of the material (i.e., the
number of hydrogen atoms filling all interstitial sites
available for the insertion of H atoms), the equilibrium
pressure exhibits an asymptotic increase, P ? ?.
The plateau width, (b–a), is often considered as a
reversible hydrogen capacity of the material, and the
equilibrium of reaction (1) in the plateau region is described by a van’t Hoff equation:
 
PP
DS0 DH 0
ln 0 ¼ 
þ
;
ð2Þ
P
R
RT
where P0 = 1 atm. = 1.013 bar, DS0 and DH0 are the
standard entropy and enthalpy of hydride formation,
respectively, and R is the universal gas constant.
Since the plateau pressure, PP, increases exponentially
with the temperature (see Fig. 1), the low-temperature
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where M denotes the hydride-forming metal/alloy/intermetallic compound, (s) and (g) relate to the solid and gas
phases, respectively. The direct forward process results in
an exothermic formation of the MH hydrogen absorption
and is accompanied by the release of heat, Q, equal to the
absolute value of the hydrogenation enthalpy, |DH|. The
reverse process results in endothermic hydride decomposition/hydrogen desorption, requiring supply of approximately the same amount of heat at a higher operating
temperature.
Equilibrium of the reaction (1) is characterized by an
interrelation between hydrogen pressure (P), concentration
of hydrogen in the solid (C) and temperature (T). This
relation (PCT diagram) is the characteristic feature of a
specific hydride-forming material determining thermodynamics of its interaction with gaseous hydrogen.
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Fig. 1 Temperature dependence of plateau pressure, PP, for the
systems of gaseous H2 with La0.85Ce0.15Ni5 (1) and C14-Ti0.65Zr0.35(Mn,Cr,Fe,Ni)2 (2). Both dependencies are presented for H desorption
at H concentration in the solid equal to 75 NL/kg that corresponds to
H/AB5 = 2.90 and H/AB2 = 1.15. The rectangular area corresponds
to pressures and temperatures during H2 absorption in stage 2 in the
course of two-stage operation
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AB: Hydrogen absorption in the stage 1 MH material at
PL and TL;
BC: Hydrogen desorption from the stage 1 MH at
T = TH and an intermediate pressure, PM;
CD: Hydrogen absorption in the stage 2 MH at PM and
TL;
DEF: Hydrogen desorption from the stage 2 MH at TH
and PH.

Each process is accompanied by the transfer of hydrogen,
and the overall process cycle productivity will be determined by the minimum amount of the transferred hydrogen
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(T = TL) H absorption at PH2 [ PP(TL) = PL takes place
at a lower hydrogen pressure and the high-temperature
(T = TH) H desorption (PH2 \ PP(TH) = PH) occurs at a
higher pressure, similar to the suction and discharge processes in a mechanical compressor.
Figure 1 illustrates a general concept of the MH
hydrogen compression realized with the use of intermetallic alloys La0.85Ce0.15Ni5 (1) and C14-Ti0.65Zr0.35(Mn,Cr,Fe,Ni)2 (2) applied by IFE and SAIAMC/UWC in
their developments of the thermally driven MH hydrogen
compressors. At TL = 20 C, the hydrogenated alloys have
plateau pressures of PL(1) = 3.5 atm. and PL(2) = 20 atm., respectively, while at TH = 130 C, the plateau
pressures are PH(1) = 45.5 atm. and PH(2) = 261 atm.,
yielding the compression ratios of about 13 in both cases.
In contrast, by application of a two-stage operation it is
possible to achieve H2 compression from PL(1) = 3.5 atm.
to PH(2) = 261 atm. (compression ratio 74.6) in the same
temperature range. In such a process, the medium-pressure
hydrogen at PL(2) B PM B PH(1) is desorbed from the
AB5-type hydride (1) at the temperature T = TH (process
AB) and further absorbed in the AB2-type alloy (2) at
TL B T B TM (process BC) followed by the desorption at
T = TH and P = PH (2; process CD).
The dependencies 1 and 2 shown in Fig. 1 were built on
the basis of the experimental PCT data for both alloys
further processed by modelling [13] with an average calculation error in H concentrations below 2 NL/kg. At the
same time, they still represent idealized performance of the
MH compressor, without taking into account hysteresis and
cycle productivity.
More precise thermodynamic estimations can be done
by considering the whole hydrogen absorption and desorption isotherms (Fig. 2). The isotherms for La0.85Ce0.15Ni5 (stage 1) and C14-Ti0.65Zr0.35(Mn,Cr,Fe,Ni)2 (stage 2)
were also built using the model [13] with the parameters
obtained by the refinement of the experimental PCT data.
As shown in Fig. 2, the two-stage hydrogen compression from PL = 10 bar to PH = 200 bar (overall compression ratio 20) in temperature range from TL = 20 C to
TH = 130 C involves the following processes:
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Fig. 2 Isotherms of hydrogen absorption at TL = 20 C (a) and
desorption at TH = 130 C (d) for the systems of gaseous H2 with
La0.85Ce0.15Ni5 (1) and C14-Ti0.65Zr0.35(Mn,Cr,Fe,Ni)2 (2). The
circled area corresponds to the minimum amount of the transferred
hydrogen (DCH) in the course of two-stage H2 compression process
ABCDEF

(DCH) in the course of two-stage H2 compression process
ABCDEF. As shown in Fig. 2, this minimum amount
(process DE; DCH = 75 NL/kg at PM = 40 atm.), as a
rule, is determined by under-saturation of the stage 2
material during H2 transfer between the first and the second
stage of the MH compressor (process CD). This feature
was observed experimentally in [14] in the course of the
tests of 10–200 bar MH hydrogen compressor at SAIAMC/
UWC which utilized the same hydride materials for the
stages 1 and 2.
In summary, accurate thermodynamic estimation of
hydrogen compression performance of MH materials,
including process cycle productivity (DCH) at the given
suction (PL) and discharge (PH) pressures and cooling (TL)
and heating (TH) temperatures is especially critical for the
multistage H2 compression and becomes possible when
complete isotherms of hydrogen absorption at TL and
hydrogen desorption at TH, accounting for plateau slope
and hysteresis, are taken into consideration. This assessment can be done by the fitting the available experimental
PCT data using suitable models of phase equilibria in
metal–hydrogen systems. We note that the model also has
to take into account the features of H–M phase diagram
since in wide range of the operating temperatures (TL…TH)
a noticeable change of the concentrations (a, b) limiting the
two-phase (a ? b) concentration region of the pressure–
composition isotherms is observed (see Fig. 2).
During the developments of thermally driven MH
hydrogen compressors at IFE, HYSTORSYS AS and
SAIAMC/UWC, the authors (VY, ML, VL) mainly used
the model [13] which takes these features into account by
assuming H atoms in the solid as a Van der Waals lattice

123

415 Page 4 of 18

V. A. Yartys et al.
T=80 oC
T=60 oC

T=100 oC
100

T=40 oC

P D [bar]

T=20 oC
T=0 oC
10

1
0

20

40

60

80

100 120

140 160

180 200

X [NL/kg]

Fig. 3 Calculated PCT diagram for H absorption (solid lines) and
desorption (dashed lines) in the mixture 90 wt% C14(Ti,Zr)(Mn,Cr,Fe,Ni)2 ? 10 wt% La0.8Ce0.2Ni5

gas and Gaussian distribution of the plateau pressures. In
addition, the model uses Kierstead’s approach [15] in order
to simulate pressure–composition isotherms when there are
several plateau segments. The latter feature is very useful
for the estimation of hydrogen compression performances
of the ‘‘multiplateau’’ systems, both for some intermetallics
(e.g., TiFe) and also for the mixtures of different MH
materials.
Figure 3 presents calculated PCT diagram of MH
material on the basis of C14-Ti0.65Zr0.35(Mn,Cr,Fe,Ni)2
used for H2 compression to 200 bar and higher at the
heating temperatures below 130–150 C. The material also
contains 10 wt% La0.8Ce0.2Ni5 added for the improvement
of the activation performances of the AB2-type intermetallic. The fitting parameters of the model [13] obtained
by the refinement of the separately taken PCT data for the
AB2- and AB5-type alloys allowed us to reconstruct the
PCT diagram of the mixture that, in turn, improved accuracy of modelling the performances of the corresponding
compression elements.

2 Proof of concept: a single-step 350 L/200 bar
MH hydrogen storage and compression unit
using AB5-type alloy
The first developments of MH units combining hydrogen
storage and compression occurred in the late 1960s during
the pioneer work by Wiswall and Reilly [16]. Similar
solutions were developed in the Russian Federal Nuclear
Centre (VNIIEF), disclosed in late 1990s [17]. The latter
are rather impressive: Vanadium hydride was heated to
*500 C [17] generating hydrogen pressures as high as
5 kbar. A significant contribution to the art was also done
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in 1980–1990s by the group from Institute of Mechanical
Engineering Problems/Academy of Science of Ukraine
(IPMach; see [18]). One of the important features of these
developments was in the original engineering solution
allowing to control the output hydrogen pressure by
introducing a feedback between its value and the heating/cooling power supplied to the MH bed.
All the solutions provide hydrogen storage in MH and
its periodic supply at higher pressure to a consumer. Since
the main attention here was mainly paid to the system
layout, without optimization of the MH material for the
application, the units had low productivities and efficiencies and, as a rule, were characterized by too high temperatures necessary to provide the required output pressure.
For example, the mentioned developments by IPMach,
where LaNi5Hx was mainly used, required temperatures
250–300 C to reach the output pressures 100–150 bar.
Also, in the time when the developments were implemented, the lack of digital electronics did not allow to
completely realize all the advantages of the proposed
engineering solutions, especially those ones which concerned the automated pressure control.
We consider the small-scale (*100 NL H2) units for
hydrogen storage and compression as convenient facilities
for the testing of MH materials for hydrogen compression
at the conditions maximally close to ones for the application. Moreover, such units can be used as efficient laboratory equipment providing safe and simple in operation
supply of high-pressure hydrogen gas to experimental
facilities.
This development has arisen more recently as a result of
activities of hydrogen storage group at the Institute for
Energy Technology, Department of Energy Systems. These
activities are devoted to the implementation of MHs for
high-pressure hydrogen compression and were started in
2003. Some preliminary results, including the development
of the experimental prototype of 200 NL/160 bar H storage
and compression unit (with the participation of the Institute
for Problems of Materials Science, National Academy of
Science of Ukraine), were published [19]. Finally, the
350 NL/200 bar unit being described in this section uses an
AB5 hydrogen storage alloy in combination with electric
heating and air cooling. This has been built and experimentally studied, to specify dependencies between generated pressure and MH bed temperature, as well as to
estimate the discharge dynamic performances. Also, an
important result was in the creation of the supply system
providing our experimental facilities with hydrogen at high
pressure, with the possibility to precisely set its value.
AB5 alloys, where A is rare earth metal and B is mainly
nickel, are the most frequently used materials for MH
applications. Their main advantages are low sensitivity to
poisoning by impurities, easy activation and fast H
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Before taking XRD of the hydrogenated samples, the hydrides were
stabilized by the exposition on air at T = 77 K; the patterns showed
the presence of two phases including intermetallic hydride with
increased unit cell volume, and a-solid solution with the lattice
periods close to those of the starting alloy.
2
In some samples, impurity of Ni (\0.5 wt%) was observed.
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sorption–desorption kinetics. The broad range of PCT
versatility and tunability is evident for AB5, with the roomtemperature plateau pressure variable over three orders of
magnitude depending on the composition [20]. On the
other hand, many AB5 alloys are subject to degradation via
disproportionation reactions during extended cycling to
elevated temperatures as described in Ref. [1]. It is also
known that substitution of Al or Sn for a portion of the Ni
results in greatly enhanced stabilities, while heating treatments at low pressure and temperatures circa 400 C produce nearly 100 % recovery of the hydrogen storage
performances [1].
Figure 4a shows our estimations of the formation
enthalpies of intermetallic hydrides La1–xCexNi5Hy based
on the available reference data [21]. The corresponding
calculation of hydrogen equilibrium pressures (Fig. 4b)
assuming DS0 = -110 J/(mole H2 K) shows that at the
composition of the intermetallic corresponding to the formula La0.85Ce0.15Ni5 the pressures above 200 bar can be
generated at the temperatures below 180 C, and at room
temperature the equilibrium pressure is below 10 bar. It
satisfies our primary objective as to pressure–temperature
ranges for MH hydrogen compression. At the same time,
the cerium contents in the alloy is low enough that allows
to avoid such negative features of Ce-rich intermetallics as
lower H storage capacity and increased hysteresis.
The alloy of the specified composition La0.85Ce0.15Ni5
which is indicated by dashed line in Fig. 4 was purchased
from Labtech Int. Co. Ltd., supplied in the powdered form.
According to XRD analysis of different batches of the
starting and hydrogenated1 alloy from various suppliers,
both comprised the CaCu5-type single or major2 phase with
lattice periods varying within a = 4.99–5.02 Å,
c = 3.995–3.999 Å for the parent intermetallic and volume
increase upon hydrogenation, DV/V0, between 24 and
24.5 %.
Figure 5 shows PCT diagram of hydrogen absorption
and desorption by the La0.85Ce0.15Ni5 H storage alloy. The
experimental data (points) were fitted using our model of
phase equilibria in metal–hydrogen systems [13]; the calculated PCT diagram is presented as the wire-frame surface. The modelling/fitting procedure also used the
equilibrium data obtained during the tests of the unit containing the same H storage alloy. For simplicity, we did not
take into account hysteresis, using both absorption and
desorption data. According preliminary PCT studies, the
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Fig. 4 Estimated enthalpies of hydride formation for cerium-substituted intermetallic LaNi5 (a) and the corresponding values of
equilibrium hydrogen pressure at different temperatures (b) calculated
assuming the entropy of the hydride formation equal to -110 J/(mole
H2 K)


PA=
P , were less than
 D 
900 J/mole H2 that corresponds to PA=PD  1:4 at room


D
temperature, or TATT
\0:04. We think that these difD

hysteresis energy losses, RT ln



ferences are not so significant for our case, since other
uncertainties (e.g., introduced by temperature distribution
in the MH bed) can result in a bigger contribution to the
observed PCT data.
The calculated pressure–temperature dependencies for
H2 desorption from the hydrogenated La0.85Ce0.15Ni5 are
shown in Fig. 6. It is seen that at the higher saturations of
the alloy with hydrogen ([60 % of the maximum hydrogen
storage capacity) rather high pressures ([150 bar) can be
generated by the heating of the material to the temperatures
up to 200 C.
The data presented in Figs. 5 and 6 confirm our estimations (Fig. 4): The plateau pressure at rather low temperature of 150 C exceeds 100 bar, and at ambient
temperature (T = 30 C), it is between 10 and 20 bar that
is acceptable for the application. The maximum hydrogen
sorption capacity approaches 6.0 H/AB5 corresponding to
155 NL/kg. The reversible H storage capacity, as shown in
Fig. 5, is more than 90 % of the corresponding maximum
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Fig. 6 Calculated temperature dependencies of H desorption equilibrium pressure for the system H2–La0.85Ce0.15Ni5 at different
hydrogen concentrations; the values in percentage of the maximum
hydrogen capacity (155 NL/kg) are shown as curve labels

value. Both absorption and desorption of hydrogen at the
experimental conditions were fast: more than 90 % of
hydrogen is absorbed/desorbed in \10–15 min.
A general view and schematics of the hydrogen storage
and supply system are presented in Fig. 7. The MH container (1) is fixed to the perforated horizontal shelf of a
cabinet where the whole system (gas communications and
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electronics) is assembled. The shut-off diaphragm valves
(2) installed on the front panel of the cabinet provide
manually operated connection of the container’s gas manifold with H2 discharge or charge lines whose ports (5 and
6, respectively) are installed on the rear panel. For overpressure protection, the gas manifold is also connected with
a port of venting line (7), via relief valve (3) adjusted to a
cracking pressure of 210 bar. The gas manifold of the
container (1) is also connected to a 210-bar pressure sensor
(4; Omega PX482A-3KSI, 4–20 mADC output). All the
connections are performed using 00 OD stainless steel
tubing and the corresponding Swagelok tube fittings.
Hydrogen supply at higher pressures is provided by
heating the MH bed in the container (1), by cartridge
electric heater (1a; 230 VAC, 800 W) axially placed in the
container. Heat dissipation is provided by external air
cooling with two fans (12; 230 VAC, 28 W each) placed
under the perforated shelf.
A simplified control diagram of the system is presented
in Fig. 7d. The main output of the control circuit is the
electric power supplied to the heater (1a) of the MH container (1). The control circuit has two inputs, viz. the
temperature in the container measured by the thermocouple
(1b; K-type) and the hydrogen pressure measured by the
pressure sensor (4; Omega PX482A-3KSI). The last
parameter provides the main feedback signal (DC current
proportional to hydrogen pressure) monitored by the display unit (10; Omega DP24-E-230) and simultaneously
connected to the input of the PID controller (8; Eurotherm
2408). The output of the controller (8) is connected to the
input of a power amplifier (11; TF10a) via on/off controller
(9; Eurotherm 2132) whose input is connected to the
thermocouple (1b). The output of the power amplifier (11)
is connected to the heater (1a). In turn, the auxiliary on/off
output (alarm relay) of the PID controller (8) provides
switching cooling fans (12) on and off.
During the operation, the PID controller (8), together
with the power amplifier (11), provides power supply to the
heater (1a) of the MH container (1). Heating the MH
container stimulates hydrogen desorption from the MH at a
higher pressure which is monitored by the sensor (4). When
the pressure approaches the setpoint of the PID controller
(8), it reduces the power supplied to the heater (1a), similarly to its standard operation in temperature control mode.
If pressure overshoot takes place, the alarm relay of the
PID controller (8) switches the fans (12) on, resulting in the
cooling of the MH container and corresponding decrease in
the hydrogen pressure.
The setpoint of the controller (9) all the time is equal to
maximum allowed temperature of the MH container
(200 C). When the temperature monitored by the thermocouple (1b) reaches this value (it occurs at the end of
discharge where hydrogen equilibrium pressures above

Metal hydride hydrogen compression: recent advances and future prospects
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Fig. 7 Control diagram (a), general overview (b), gas communications (c) and control diagram (d) of 350 NL/200 bar MH hydrogen
storage and compression unit. 1—MH container (1a—cartridge
electric heater, 1b—thermocouple), 2—shut-off valves, 3—safety

depleted MH can be reached only at higher temperatures),
power supply to the heater (1a) is switched off, and the
heating is resumed when the temperature decreases below
200 C.
Figure 8 presents assembly drawing of the MH container used in the system. The powdered MH bed is placed
in the space formed by stainless steel bottom flange (1),
external tubular shell (2), top flange (3) and the internal
heat exchanger (4). The latter is formed by the stainless
steel core tube (outer diameter 25.4 mm, wall thickness
2.64 mm) and aluminum 1060 fins (height 15.8 mm,
thickness 0.4 mm, pitch 2.3 mm). The inner space (1a) of
the heat exchanger (4) is adjusted for the tight fit of the
cartridge-type electric heater. To reduce thermally induced
stresses, only one end of core tube of the heat exchanger is
fixed rigidly (welded) to the flange (1); the other end is
plugged and left in the non-fixed position. The top flange
(3) of the container is equipped with the male VCR-type
metal gasket face seal fittings for input/output of hydrogen

relief valve, 4—pressure sensor, 5—H2 discharge line, 6—H2 charge
line, 7—venting line, 8—pressure controller, 9—auxiliary temperature controller/indicator, 10—pressure indicator, 11—power amplifier
and 12—fans

Fig. 8 Assembly drawing of the MH container. 1—bottom SS flange
(1a—space for electric heater), 2—shell (SS tube), 3—top flange
(3a—H2 input/output, 3b—MH loading), 4—heat exchanger (SS
tube/Al fins), 5—filter (porous SS tube) and 6—thermocouple

gas (3a) and loading/unloading the MH powder (3b). The
gas fitting (3a) is connected with the tubular porous
stainless steel filter (5), pore size of 5 l. The top flange (1)
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of the container has the fitting where stainless steel shield
of the K-type thermocouple (6) is firmly fixed. The junction
of the thermocouple (6) is located in the middle of the MH
bed, with respect to both its length and thickness.
The design of the MH container (Fig. 8) allows its
prolonged operation at gas pressures up to 200 bar and
temperatures up to 200 C. In addition, after its assembly
the container has successfully passed the test at gas pressure (argon) up to 300 bar and temperature up to 250 C;
test duration at the most extreme conditions (300 bar/
250 C) was about 10 min. The test was performed by
RAUFOSS Fuel Systems ASA, with the participation of the
authors (ML, VY; test report RAFS-00205, May 12, 2006).
The internal volume of the MH container is 640 cm3
that corresponds to the total amount of the H2 storage alloy
of 2.234 kg, at the filling density of 3.5 g/cm3, or *53 %
of the density of the hydrogenated alloy, in accordance
with the upper limit of safe packing fraction (\61 %) for
AB5-type hydrides reported in the literature [22]. At the
same time, such an amount of the alloy provides the
specified H2 storage capacity of 350 NL H2.
Under testing conditions, the setpoint after its increase
was reached in 10 min, and in 20 min the pressure stabilization mode was established. The maximum overshoot did
not exceed 5 bar. After decreasing the setpoint, it was
reached in 15 min, and the time of pressure stabilization
was about 30 min. Both the reproducibility of the pressure
setpoint and stability of its maintaining were better than
0.05 %. As shown in Fig. 9, generation of hydrogen pressure in the range 50–200 bar requires moderate temperatures, 100–180 C.
The maximum output flow rate determined in the course
of discharge of the unit to the medium-pressure Sieverts’
setup (total discharge volume about 3 l) was about 10 NL/
min (Fig. 10). At H/AB5 [ 2.5 and P \ 40 bar, the rate of
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Fig. 10 Dependence of the unit’s discharge flow rate on the residual
hydrogen concentration in MH. Points correspond to the measurements done in the course of different discharges of the unit to the total
receiver volume *3 l, at pressure setpoint equal to 50 bar. Dashed
line is plotted just to guide the eye

the discharge does not significantly depend on pressure or
on hydrogen concentration in MH; while at lower H concentration the discharge rate is proportional to it.
In our opinion based on the application of the analysis of
performances of MH compressors [1] to the present
development, the main contribution to the limitation of the
discharge dynamics is introduced by a too high heat
capacity of the empty MH container whose weight
(*10 kg) exceeds the weight of the MH material by more
than four times. It is also confirmed by the slow dynamics of
charging the unit, as well as by its slow cooling/decreasing
pressure, after turning the unit off (see the last descending
segment of the P–T curves in Fig. 9). To radically improve
the dynamic performances of high-pressure MH TSC, it is
necessary to find the novel engineering solutions of its main
component part, MH container, which should combine the
high enough mechanical strength with minimal heat
capacity, i.e., minimal material consumption and weight.
Results of testing of the MH hydrogen storage and
compression unit have confirmed our supposition that such
an apparatus can be very efficient and convenient in
operation laboratory equipment providing experimental
facilities with hydrogen supplied at predefined higher
pressures. To reveal its potential on the market of laboratory equipment, we finally made a brief economic analysis
based on real costs for the used standard components, as
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MH material

MH container (materials & parts)
5%

2%

Fittings /
accessories
16%

Labour
34%

Other
8%

Electronics
35%

Fig. 11 Cost structure of the MH H storage and compression unit.
The estimated labor costs correspond to 0.5 man-month total
workload

well as on the estimations of workload/labor costs necessary for the production of the unit.
The total manufacture costs are estimated at 43–45
thousand Norwegian crowns (NOK) that is the same order
as the price of ordinary laboratory equipment, such as
thermostats, vacuum systems.
The main categories of the costs are shown in Fig. 11. In
contrast to other applications of MH, the presented one is
characterized by rather low fraction of MH material in the
total cost, 2 % against 15–50 % for MH hydrogen storage
units [23]. It does mean that for the selection of MH
material for this application good kinetics and durability
performances should be main criteria, and it is not so
critical to optimize its cost. The most expensive categories
(*35 % each) are electronics and labor. Both, especially
the latter, are subjects for the optimization, by optimizing
system layout and nonstandard components (first of all,
MH container) and improving their making technology.
In summary, the developed unit was shown to allow an
efficient control of the output hydrogen pressure that can be
used in various applications including safe and simple in
operation supply of laboratory facilities with high-pressure
hydrogen gas.
The feasibility to generate up to 200 bar H2 pressure by
a MH compressor using AB5 H storage alloys and temperatures \200 C was shown as well.

3 Modelling a two-step MH compressor:
simulation of a domestic refueller
Unlike petrol and diesel, hydrogen can easily be generated
on-site and therefore the energy can be distributed by
electrons via the electricity grid, or where there is a local
renewable energy source, zero-carbon hydrogen can be
generated. The developments in both passenger and
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commercial hydrogen vehicles are making it more attractive for end users to generate their own hydrogen to service
either a single vehicle (much like the attraction of plug-in
hybrids) or a small fleet of vehicles (this could either be a
community facility for domestic use or for a commercial
fleet). The domestic refueller concept is based on the premise that the average car owner drives less than 40 miles
per day which equates to ca. 600 g of H2. Based on a
multistage MH compressor system and 1.5 kW electrolyzer, the domestic refueller would be capable of providing an overnight top-up of an H2 FCEV in preparation
for the following days commute at a target pressure of
350 bar.
3.1 Numerical simulation
The successful operation of a multistage MH compressor
system introduces strict requirements into the tunability of the
pressure–composition isotherm (PCI) characteristics. The
plateau pressure for the hydrogenation process of the firststage material should be sufficiently low in order for the
material to be able to absorb the hydrogen from the low
pressure supplied by the electrolyzer. The coupling of the first
stage (dehydrogenation) and the second stage (hydrogenation) requires the plateau pressure (peq) of the stage 1 MH to
be higher than that of stage 2 MH. The higher the pressure
differential between stages 1 and 2 plateau pressures, the
greater the force that delivers the transfer of hydrogen from
the first stage to second stage of the tanks and drives the
second-stage hydrogenation. In order to achieve a sufficiently
high compression ratio to meet the target of 350 bar delivery
pressure, the plateau pressure of the dehydrogenation process
for the second-stage material should be as high as possible.
Figure 12 illustrates the two-stage compression cycle on a
van’t Hoff plot, where it is assumed that stage 1 and stage 2
hydride beds share the same temperature range of low temperature, TL, up to a high temperature TH. The compression
cycle process is summarized as follows: Step A: A lowpressure hydrogen supply (e.g., an electrolyzer) is attached to
the first stage, at pressure Ps. The temperature of stage 1 is
maintained at TL, during hydrogenation. Step B–C: A sensible
heating process for the stage 1 MH bed occurs, heating the bed
to TH and increasing the pressure of the stage 1 vessel. Step
D–E: A coupling process between stage 1 (dehydrogenation
at TH) and stage 2 (hydrogenation at TL) occurs. Step F–G:
Stage 2 hydride bed undergoes sensible heating in order to
achieve the delivery pressure of Pd. Step H: During dehydrogenation of stage 2 high-pressure hydrogen is released
from the compressor at Pd.
The additional complexity in the design of this application that two coupled MH reactors introduce warrants the
use of a numerical model [7] in order to predict the overall
compressor performance. Once validated, a numerical
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where the effective heat capacity is given by:

Stage 2
Pd

Pressure Increase due to
Sensible Heating Process of Stage 2

G-H

ðq  CpÞe ¼ e  qg  Cpg þ ð1  eÞ  qs  Cps
and the effective thermal conductivity is given by:

lnP

C-D

ke ¼ e  kg þ ð1  eÞ  ks

Coupling of
Stage 1 and 2

Ps

ð4Þ

Pressure Increase due to
Sensible Heating Process
of Stage 1

ð5Þ

The terms qg, Cpg, Cps and m refer to the density of the gas
phase, the heat capacity of the gas phase, the heat capacity
of the solid phase and the kinetic term for the reaction,
respectively.

E-F
A-B

Stage 1
TH

TL

3.4 Hydrogen mass balance

1/T
Fig. 12 A van’t Hoff plot illustrating the operation of a two-stage
metal hydride hydrogen compression system from the low temperature TL to the high temperature TH. A sensible heating process is
performed after each hydrogenation process to increase Peq inside
each compression stage. For clarity, the black lines represent the van’t
Hoff plot for the hydrogenation process for stage 1 (lower black line)
and for stage 2 (upper black line).The coupling process between stage
1 and stage 2 is represented by the dashed line

model will allow the timely optimization of specific system
parameters and the incorporation of enhanced heat management techniques leading to the improvement of overall
compressor performance.
3.2 Assumptions
The following assumptions are made simplifying the MH
compression operation for purposes of this analysis:
(a)
(b)
(c)

(d)

Initially, the MH bed temperature and pressure
profiles are uniform.
Thermal conductivity and specific heat of the MH’s
are assumed constant during the compression cycle.
The MH and hydrogen gas are in local thermal
equilibrium which implies that there is no heat
transfer between solid and gas phases.
The hydrogen gas can be treated as an ideal gas from
a thermodynamic point of view.

The equation that describes the diffusion of hydrogen mass
inside the metal matrix is:
 


o qg
e
þ div qg~
vg ¼ m
ð6Þ
ot
where (-) is for the hydrogenation process and (?) is for
the dehydrogenation process, vg is the velocity of gas
during diffusion within the metal lattice (see Sect. 3.5
below), and m is the mass of hydrogen diffused per unit
time and unit volume in the metal lattice.
3.5 Momentum equation
The velocity of a gas passing through a porous medium can
be expressed by Darcy’s law. By neglecting the gravitational effect, the equation which gives the velocity of gas
inside the metal matrix is given by:
~
vg ¼ 

K
~g Þ
 gradðP
lg

ð7Þ

where K is the permeability of the solid and lg is the
dynamic viscosity of gas.
3.6 Kinetic expression
The amount of hydrogen taken up by the hydride bed
during hydrogenation is given by:
qg
Ea
 ðqss  qs Þ
 ln
Rg  T
Peq

3.3 Heat equation

ma ¼ Ca  exp 

Assumption (c), thermal equilibrium between the hydride
powder and hydrogen gas, allows the numerical model to
be implemented by solving a single heat equation in place
of separate equations for the solid and gas phases:

The amount of hydrogen released from the hydride bed
during dehydrogenation is given by:


Peq  qg
Ed
md ¼ Cd  exp 
ð9Þ
 qs

Rg  T
Peq

oT
þ ðqg  Cpg Þ  vg  rT
ot



DH
¼ r  ðke  rTÞ þ m 
 T  ðCpg  Cps Þ
MH2

ðq  CpÞe 

ð3Þ
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where qs and qss are the density of the hydride at any time
and at saturation state, respectively. Cabs and Cdes refer to
the pre-exponential constants, and the Ea and Ed are the
activation energy for hydrogenation and dehydrogenation
processes, respectively.
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3.7 Equilibrium pressure

mabs ¼ Cabs exp 

In order to incorporate the effect of hysteresis and the
plateau slope (which is present in both stages of the compression cycle) into the calculation of the plateau pressure
Peq, the following equation was used [24, 25]
DH DS

þ ðus  u0 Þ 
RT
R


x
1
b

 tan p 

 105
xsat 2
2

ð10Þ

3.8 Mass and energy balance during multistage
reactor coupling
During the coupling between the two reactors (stage 1—
dehydrogenation process and stage 2—hydrogenation
process), the total number of the hydrogen moles in the
space of the connector between stages 1 and 2 at any time
is given by:
ð11Þ

where nt and nt?dt are, respectively, the number of
hydrogen moles in the total space at any time t and t ? dt.
The number of the moles of hydrogen released from the
stage 1 during the dehydrogenation process is ndes and the
number of hydrogen moles stored in stage 2 in a small time
dt is nabs. At any time the gas pressure in the connecting
pipe between the two rectors, which is the driving force for
both the hydrogenation and dehydrogenation process, is
calculated by:
Ptþdt ¼

ntþdt  R  Ttþdt
Vdes þ Vabs

ð12Þ

where Tt?dt is the temperature of gas in the connecting
pipe, Vdes and Vabs are the free volume of the reactors
during the dehydrogenation process (Vdes) and the hydrogenation process (Vabs). The pressure in the connecting
pipe acts as the driving force for both the dehydrogenation
and the hydrogenation process, so for the coupling case the
kinetics for the dehydrogenation and the hydrogenation are
calculated by:
mdes ¼ Cdes exp 

Peq  Ptþdt
Edes ~
 qs

RT
Peq

ð14Þ

3.9 Simulation results and analysis

where us and u0 describe the plateau flatness factors and b
is the factor which can describe the hysteresis (ln Pabs/
Pdes). Furthermore, ‘‘?’’ refers for the hydrogenation process, while ‘‘-’’ refers for the dehydrogenation process and
x and xsat are the hydrogen concentration at any given time
and fully saturated.

ntþdt ¼ nt þ ndes  nabs



Eabs
Ptþdt
 Dqs
 ln
RT
Peq
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Validation of the numerical model was achieved through
comparing the model with the experimental work given in
[7].

ð13Þ

A numerical simulation was conducted using COMSOL
Multiphysics version 4.3b, a finite element-based numerical solver. The initial temperature of the first-stage
hydrogenation process and dehydrogenation processes was
20 and 130 C, respectively, and the properties of the firststage material were those of an AB5 (La0.85Ce0.15Ni5)
alloy, while the properties of the second-stage material
were based on an AB2 (Zr–V–Mn) alloy. The initial pressure for the stage was 15 bar, representing the pressure that
a commercial electrolyzer can provide. Figure 13 shows
the average bed temperature for the two-stage compression
system. A complete two-stage compression cycle consists
of one non-coupled hydrogenation process (stage 1), one
coupled dehydrogenation (stage 1)–hydrogenation (stage 2)
process, a dehydrogenation process (stage 2) and two
sensible heating processes (stages 1 and 2). For clarity, the
two sensible heating processes have not been shown, but
are represented in Figs. 13 and 14 by the vertical dashed
line at the end of the first-stage hydrogenation process, the
coupling and the beginning of the dehydrogenation process. After the hydrogenation process of stage 1, sensible
heating takes place raising the temperature inside the
reactor from 20 to 130 C. Figure 14 shows the bed average pressure evolution of the compression system. Initially,
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Fig. 13 Bed average temperature evolution for a complete hydrogen
compression cycle
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Fig. 15 HYMEHC-10 proof-of-concept compressor at HyNor
Lillestrøm
Fig. 14 Bed average pressure evolution for a complete hydrogen
compression cycle

during the hydrogenation process of the first stage, the
hydrogen pressure within the reactor drops during the
formation of the MH. At the beginning of the coupling,
there is a maximum pressure difference between the two
reactors of 20 bar. During the initial coupling, this pressure
difference gets equalized, resulting in the pressure of stage
1 decreasing sharply from 40 bar and the pressure of stage
2 increasing rapidly from 20 bar. After the pressure
equalizes across both reactors, the continuation of the
coupling process results in a gradual increase in pressure
until it reaches the equilibrium of the driving potential
between the two reactors. The inset picture in Fig. 14 is of
the coupled stages 1 and 2 reactors and illustrates the relatively fast kinetics of the two systems. At the end of the
compression, the simulated system achieves a pressure of
325 bar resulting in a pressure ratio of 22:1.

4 Recent developments of industrial-scale MH
hydrogen compressors
4.1 HYMEHC-5 and HYMEHC-10: the thermal
hydrogen compressors by HYSTORSYS
Two full-scale proof-of-concept compressor systems have
been constructed: one HYMEHC-10 (10 Nm3/h thermal
hydrogen compressor) and one HYMEHC-5 (5 Nm3/h).
The compressor systems are CE-marked and constructed
for operation in Ex Zone 2 (according to IEC 60079-10-1,
standard covering hazardous area classification for gases).
The HYMEHC-10 proof-of-concept thermal hydrogen
compressor was developed and delivered to the HyNor
Lillestrøm refuelling station located in Akershus Energy
Park about 25 km northeast of Oslo as a part of the userdriven innovation project HyNor Lillestrøm founded by the
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Research Council of Norway, Akershus County Council,
Transnova, Innovation Norway and Akershus Energy
(www.hynor-lillestrom.no). In addition to being a refuelling station for hydrogen vehicles, HyNor Lillestrøm is a
research and demonstration center for new hydrogen
technologies.
The HYMEHC-10 unit shown in Fig. 15 was installed at
HyNor Lillestrøm as a continuously operated compressor
system increasing the pressure from 10 bar up to 200 bar at
a throughput rate of 10 Nm3/h.
This MH-based hydrogen compressor consists of three
high-pressure steel vessels for each of the two stages. Each
of the six vessels contains about 34 kg of MH material. An
AB5 alloy (La1–xCexNi5) is used for the first compression
stage from 10 to 50 bar, while an AB2 alloy (Ti, Zr-based)
is used for the second stage from 50 to 200 bar. The MH
system operates with thermal cycles between 20 and
150 C and requires only a small amount of electricity to
power valves and other small pieces of auxiliary
equipment.
An electrical external oil heater with a maximum
capacity of 27 kW is installed to emulate the ‘‘industrial
process heat,’’ and the heat transfer to the MH compressor
is facilitated by a heating oil loop using the commercially
available oil THERMINOLLT.
Thermal management of the compressor is based on two
pressurized closed oil loops. Each of the six MH vessels is
equipped with two three-way valves selecting the hot or the
cold oil according to the thermal sequence diagram making
only the compartment of the compressor vessels common
for the two oil loops. Circulation of the oil is provided by
means of two high-temperature circulation pumps. The
flow of hydrogen is controlled by means of pneumatic shutoff valves. Each of the six pressure vessels is equipped with
a pressure sensor and a temperature sensor continuously
probing the ‘‘state’’ of each vessel. In addition, safety relief
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Fig. 16 Hydrogen pressures in HYMEHC-10 compressor: Pin—inlet
pressure, Pm—intermediate pressure after first stage and Pout—outlet
pressure after second stage

valves (burst pressure 250 bar) are implemented for each
unit as well as at the compressor input/output.
The commissioning of the HYMEHC-10 at the HyNor
Lillestrøm refuelling station started in May 2013. This
system has been successfully tested and put into operation.
Up to now HYMEHC-10 has been operated for about
3500 h, including a near-month operation in nonstop
regime. The only maintenance during operating period was
a replacement of a shut-off valve on hydrogen line (due to
internal leakage), after about 2000 operation hours. Figure 16 shows hydrogen pressures at different stages of
hydrogen compression during operation of HYMEHC-10
(oil temperatures are *24 C for cold loop and *120 C
for hot loop).
The HYMEHC-5 proof-of-concept system was developed as part of the Eurostars project HYPROCOM that was
carried out in collaboration with the Dutch reformer company HyGear (www.hygear.nl) and the industrial gas
company Air Products (www.airproducts.com). The twostage compressor has been constructed for continuous
operation increasing the pressure from approximately 5 bar
up to 230 bar (burst pressure for safety valves 250 bar) at a
throughput rate of 5 Nm3/h exploiting thermal energy of
maximum 150 C.
In general, the configuration and the instrumentation of
the ‘‘HYPROCOM’’ HYMEHC-5 compressor are similar
to those of the HYMEHC-10 described above. The main
deviations compared to the HYMEHC-10 system are:
(a) the lower hydrogen throughput rate, (b) the lower input
pressure level/higher output pressure level and (c) the
thermal integration with respect to the steam methane
reformer (SMR) from HyGear.
The HYMEHC-5 was put into operation at the test site
of NEL Hydrogen (Notodden, Norway) for internal R&D,
making HYSTORSYS ready for deliveries of thermal

Fig. 17 Operating characteristics of HYMEHC-5 compressor: a temperatures of heat transfer fluid (Duratherm 450) in cold TLow and hot
THigh oil loops; b hydrogen pressures: inlet Pin, intermediate Pm and
outlet Pout; and c hydrogen throughput rate

hydrogen compressor systems. The results of a continuous
25-h test operation of HYMEHC-5 at an upper temperature
of 140 C are shown in Fig. 17.
4.2 MH hydrogen compressor by SAIAMC/UWC
(3–200 bar 5 Nm3/h H2)
A compressor was built by SAIAMC/UWC for the industrial customer, Eskom Holdings Ltd. (South Africa) for
capturing low-pressure H2 (PL * 3 bar) delivered from
PSA purification system and delivering the gas into standard gas cylinders at the pressure PH = 200 bar. The
available services necessary for the H2 compression
include low-grade steam (TH = 130–150 C) and circulating cooling water (TL = 20–25 C).
Preliminary analysis showed that the specified pressure–
temperature requirements can be met using three-stage
compressor layout. Figure 18 presents PCT characteristics
of MH materials selected for the stages 1 (a; LaNi4.9Sn0.1),
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Fig. 18 PCT characteristics of the LaNi4.9Sn0.1 (a), La0.8Ce0.2Ni5 (b) and 90 wt% C14-Ti0.65Zr0.35(Mn,Cr,Fe,Ni)2 ? 10 wt% La0.8Ce0.2Ni5
(c) used in the H2 compressor

2 (b; La0.8Ce0.2Ni5) and 3 (c; C14-Ti0.65Zr0.35(Mn,Cr,Fe,Ni)2 with the additive of 10 wt% of La0.8Ce0.2Ni5 to facilitate the activation).
As shown in Fig. 18, the cycle productivity of the threestage H2 compression is mainly determined by hydrogen
absorption/desorption in the AB2-type material on stage 3
(c). In turn, at the given TL = 25 C, hydrogen concentration achieved in this material (circled area in Fig. 18c) is
strongly dependent on the intermediate pressure, PM2,
determined by PCT performance of the second-stage
material at T = TH (Fig. 18b). The reduction of PM2 from
50 (La0.8Ce0.2Ni5) to 40 atm. (La0.85Ce0.15Ni5) results in
the drop of the cycle productivity in 1.7 times, from 77 to
45 NL/kg.
General views of the compressor are shown in Fig. 19.
Apart from MH materials used for stages 1–3 (see above),
the compressor has a number of original layout features,
according to the engineering solution recently patented by
UWC [26]. The main layout features aimed at the maximizing of the throughout capacity include:
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1.

2.

3.

4.
5.

Special gas piping allowing to apply different time
setpoints for the heating and cooling which are optimal
for the selected MH materials and containers.
Variation in the size of MH containers for stages 1, 2
and 3 allowing to increase pressure driving forces
(PM1, PM2) in between the stages.
Hydrogen purification option, by partial release of
contaminated H2 from the stage 1 MH containers at the
beginning of the heating/H2 desorption.
Optimization of the layout of the MH container
allowing to improve its heat transfer performances.
Optimization of heating/cooling piping diagram
toward the increase in the heating/cooling efficiency
and reduction in consumption of steam and water. In
particular, usage of steam traps allowed us to significantly improve the heating efficiency above 100 C
and to achieve the steam consumption below 30 kg/h
during the operation.

Hydrogen compression is provided by 12 MH containers
assembled in two compression modules. Each module

Metal hydride hydrogen compression: recent advances and future prospects

comprises six MH containers (by two for each stage) which
can be heated or cooled simultaneously, to provide higher
pressure H2 desorption and lower pressure H2 absorption,
respectively. The heating and cooling times can be set
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separately within the limits 15–45 min. The amount of the
MH material in one container varies from 17 kg (stage 1)
down to 12.5 kg (stage 3) according to the feature (2) listed
above. The operation of the compressor is provided via a
program logic controller (PLC), by the periodic opening
and closing solenoid valves in the gas (stage 1 only) and
steam/water piping circuits. Switching of high-pressure gas
flows (stages 2–3) is provided automatically by a corresponding check valve arrangement.
The compressor is able to compress hydrogen from 3 to
200 bar with average throughout capacity about 5 Nm3/h
using direct steam heating (TH = 130 C) and water
cooling (TL = 25 C) to drive the H2 compression. It was
shown that the operating pressure range can be as wide as
1–240 bar at the same heating/cooling conditions, but in
this case the throughout capacity significantly drops.

5 Summary, concluding remarks and future
prospects

Fig. 19 Front (top) and side (bottom) views of the MH compressor
without sidewalls. The unit dimensions (mm) are: 2465 (L) 9 1350
(W) 9 1325 (H)

The main challenges in the development of the MH compressors include achievement of the necessary compression
ratios within the available operation temperature range, as
well as increase in the throughout capacity/productivity,
cycle lifetime and improvement of the energy efficiency.
These problems, being particularly critical for the industrial-scale multistage MH compressors, are addressed by
(1) proper selection and development of the MH alloys; (2)
improvement of the dynamic performances of the MH

Fig. 20 Conceptual
configuration for an on-site
hydrogen production/backup
solution to support industrial
applications based on thermal
hydrogen compression
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containers; and (3) optimization of the overall system
layout.
As mentioned, several research teams continue further
investigations of the AB2 alloys [2, 3, 27, 28] and AB5
alloys [4, 5, 29–33]. These two groups of materials offer
considerable potential possibilities for the optimization in
both the alloys composition and in the technologies of their
processing allowing to reach the desired performance levels.
The improvement of the dynamic performances of MH
containers for H2 compressors, as well as the whole system
optimization, implies a precise modelling of the heat and
mass transfer in the MH beds coupled in the multistage
layouts. The increase in the modelling accuracy is very
important and can be achieved, first of all, by the appropriate description of the PCT relationships in the metal–
hydrogen systems. Based on the results of the modelling,
advanced engineering solutions of both system components
and general layout features may be drawn resulting in the
solution of the problems specified above.
In general, the MH compressors can serve a number of
markets such as traditional industry, renewable energy,
emergency power, hydrogen fuel infrastructure. While
some of these markets are still small but are emerging,
hydrogen can be readily used in a number of industrial
processes already today. Importantly, many industrial
chemical processes generate large amounts of the waste
heat that can be fed back to a MH compressor compressing
hydrogen for free. Thus, we observe a good match between
the traditional industry and thermally driven MH hydrogen
compressors.
An overview conceptual drawing of an on-site hydrogen
production/backup solution suggested by HYSTORSYS
AS for industrial applications is shown in Fig. 20 [34].
Here, the industrial process continuously fed hydrogen
from the on-site hydrogen generator (water electrolyzer or

Nozzle

Hydrogen
(<185 bar)

Hydrogen
(venting)

reformer unit), while occasionally a small part of the
hydrogen feed is compressed and stored for later use
exploiting only thermal energy—e.g., waste heat from the
industrial process. The purpose of the hydrogen backup
system (comprising the compressor and the storage) is to
provide hydrogen for the industrial process whenever the
direct hydrogen supply line is down (e.g., for hydrogen
generator maintenance, utility power interrupt or other sort
of failures). The size of such a hydrogen backup storage
might very much vary from application to application.
However, since the main supply line only will be down
occasionally and the interference with the continuous
hydrogen feed should be at a minimum, usually a small to
moderate compressor capacity would need to be installed
in order to top off the backup storage.
Figure 21 presents an example of this approach recently
implemented by SAIAMC/UWC for Impala Platinum Ltd.
in South Africa [35]. The MH compressor is integrated in
hydrogen refuelling station (dispensing H2 pressure up to
185 bar) for the refuelling of fuel cell forklifts. The dispensing is carried out from a buffer, standard cylinder pack
(900 l in the inner volume, H2 pressure 200 bar), while the
high pressure in the buffer is maintained by MH compressor which is fed from H2 pipeline consuming steam and
cooling water available at the customer’s site.
It appears to be very promising to use MH compressors
for the industrial customers having in their possession lowpressure hydrogen supplied by a pipeline. As the cost of the
pipeline hydrogen is much lower than the cost of compressed H2 supplied in gas cylinders, the use of the MH
compression is becoming a significant economic driver for
the industrial-scale implementation of the MH compression
technology. Even prototype MH compressors require only
reasonable investments while keeping the low operation
costs [1] in cases where instead of utilizing expensive
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Fig. 21 Simplified layout (left) and general view (right) of hydrogen refuelling station with MH compressor developed by SAIAMC/UWC for
Impala Platinum Ltd. (South Africa)
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electric power, the services already existing in the customer’s infrastructure (low-grade steam and circulating
cooling water) can be utilized to offer economically efficient H2 compression.
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