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a b s t r a c t

The expected inherent safety performance of hydrogen storage technologies was investigated. Refer-
ence schemes were defined for alternative processes proposed for hydrogen storage, and several storage
potentialities were considered. The expected safety performance of alternative process technologies was
explored estimating key performance indicators based on consequence assessment and credit factors of
vailable online 29 February 2008

eywords:
nherent safety

ajor accident hazard

possible loss of containment events. The results indicated that the potential hazard is always lower for
the innovative technologies proposed for hydrogen storage, as metal or complex hydrides. This derived
mainly from the application of the inherent safety principles of “substitution” and “moderation”, since in
these processes hydrogen is stored as a less hazardous hydride. However, the results also evidenced that
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in the perspective of an in
equipment will be a critic

. Introduction

A significant increase in the use of hydrogen as an energy vec-
or and in advanced refining technologies is expected in the next
ears [1–4]. The increase in the number and in the potentialities of
ydrogen production plants will require a strong increase of hydro-
en storage capacities [2,4,5]. Moreover, it is expected that use of
ydrogen as an energy carrier may cause a spread of hydrogen stor-
ge installations also in vulnerable contexts, such as residential and
ommercial areas. In this framework, the further development of
ydrogen storage technologies requires a thorough examination of
he safety issues [6,7].

Hydrogen storage represents a well-known and widely inves-
igated technological problem. Due to the physical and chemical
roperties of this substance, conventional storage processes have
o manage critical operating conditions: high pressures are required
y pressurized storages (tens of MPa), while liquefied storage needs
ower temperatures than other cryogenic processes (a few tens of
elvin) [1,2,8–10]. Moreover, the flammability limits are wider and
he ignition energy is much lower than that of other flammable sub-
tances [6]. Thus, several innovative technologies were proposed
or hydrogen storage. Examples are the adsorption on metals or the

torage as a complex hydride [1,2,8,11]. However, due to the large
ffort still needed to develop these technologies and to the growing
isk-aversion in the society, a preliminary analysis and a compar-
son of their expected safety performances seems of fundamental
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rial implementation of these technologies, the reliability of the auxiliary
e to be addressed.

© 2008 Elsevier B.V. All rights reserved.

mportance. As a matter of fact, the requirement for an improved
afety performance will be a key issue in the development and the
iffusion of new or improved hydrogen storage technologies [12].

The present study was dedicated to develop a set of inherent
afety key performance indicators (KPIs) aimed at the compar-
tive analysis of reference technologies proposed for hydrogen
torage. Since these technologies are at different stages of process
evelopment (research, pilot plant applications, industrial applica-
ion), the selection of an inherent safety assessment based on KPIs
eemed a suitable approach to allow a comparative analysis. Refer-
nce process schemes for different scale hydrogen storage systems
ere defined for each of the alternative technologies considered.

he application of the developed methodology to the analysis
f the reference schemes allowed the screening of the expected
afety performance of alternative storage processes. The results also
llowed the identification of critical safety issues that need to be
ddressed in the further development of inherently safer hydrogen
torage technologies.

. Alternative technologies proposed for hydrogen storage

Comprehensive reviews of proposed storage technologies and
f related safety issues are available in the literature [1,2,4,7]. In
he present study, four alternative media proposed for hydrogen
torage were considered: (i) storage of hydrogen gas under pres-

ure; (ii) storage of liquefied hydrogen; (iii) storage as a metal
ydride; (iv) storage as a complex hydride. These were indicated

n the literature as the more effective and competitive technologies
or the future development of hydrogen storage processes [13–15],
lthough the present stage of development of these four technolo-

http://www.sciencedirect.com/science/journal/03043894
mailto:valerio.cozzani@unibo.it
dx.doi.org/10.1016/j.jhazmat.2008.02.080
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Table 1
Stage of development and main features of different scale hydrogen storage systems

Scheme Features Small scale Medium scale Large scale

Compressed

Technology Commercial Commercial –
Pressure (MPa) 40 25 –
Temperature (K) 300 300 –
H2 mass stored per unit (kg) 2.5 35.7 –
Number of units 2 2 tube trailers × 7 units –

Cryogenic

Technology Research Commercial Commercial
Pressure (MPa) 0.6 0.6 1.7
Temperature (K) 20/25 20/25 20/25
H2 mass stored per unit (kg) 5 500 13500
Number of units 1 1 2

Metal
hydride

Technology Commercial Research –
Pressure (MPa) 1.1 1.1 –
Temperature (K) 300 300 –
H2 mass stored per unit (kg) 1 105 –
Number of units 5 5 –
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omplex
ydride

Pressure (MPa) –
Temperature (K) –
H2 mass stored per unit (kg) –
Number of units –

ies is quite different [1,2,8,13–15]. In particular, technologies based
n compressed gas and liquefied cryogenic storage is currently used
orldwide for large-scale applications, such as refineries or chem-

cal plants [13,14]. On the other hand, technologies based on metal
nd complex hydrides are still under development but are indicated
s possible safer alternatives [13,14].

For the sake of comparison, in the analysis of the expected safety
erformances three different potentialities were considered for
ydrogen industrial storage processes: “small-”, “medium-”, and
large-scale” applications. These were defined on the basis of the
nalysis of technical literature [1,2,8–11] and of available commer-
ial datasheets.

“Small-scale” storages are needed in innovative automotive
pplications. A 5 kg storage was considered, supplying gaseous
ydrogen at a fuel cell engine operating at low pressure (e.g.
.3 MPa).

“Medium-scale” storages will be required in hydrogen refuelling
tations. In several preliminary and demonstrative plants the stor-
ge unit contains about 500 kg of hydrogen. In these applications,
ydrogen is supplied to the user at 35 MPa. Thus, a compression
nit is also required.
Finally, “large-scale” applications are used in current indus-
rial application, including hydrogen production and supply in oil
efineries. On the basis of literature data, a bulk storage of 27 t of
ydrogen was considered in the analysis. In order to have a cor-

able 2
equired input for the application of the proposed method and definition of the

nherent safety key performance indicators used in the present study

nput
(1) Definition of substances and operative conditions in each unit of the process.
(2) Quantification of flows in process lines and piping.
(3) General technical specifications of the equipment units.
(4) Evaluation of inventories in the equipment units of each process alternative.

utput
UPIk Unit potential hazard index (m2)
UHIk Unit inherent hazard index (m2)
PI Overall potential hazard index (m2)
HI Overall inherent hazard index (m2)
UPDk Domino unit potential hazard index (m2)
UHDk Domino unit inherent hazard index (m2)
PD Domino overall potential hazard index (m2)
HD Domino overall inherent hazard index (m2)
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ect overview of the hazards related to the alternative technologies,
he storage facilities were considered coupled with the necessary
upstream” operations (e.g. the liquefaction unit for liquefied stor-
ge).

Table 1 reports the main features and the stage of technology
evelopment for the different scale hydrogen storage processes
onsidered. In the case of storage based on metal or complex
ydrides, some data in the table were estimated on the basis of
he characteristics of the available pilot applications. More details
n the technologies assessed in the present study, on the pro-
ess involved and on the corresponding operative conditions are
eported in Appendix A.

The purpose of the present study is to identify and compare the
xpected inherent safety performance of a selected set of hydrogen
torage technologies. Other crucial issues for technology applica-
ion (e.g. actual stage of development, cost, storage efficiency, etc.)
ere not considered at this stage of the work and fall out of the

cope of the present study.

. Inherent safety key performance indicators

The inherent safety assessment of alternative storage technolo-
ies requires the application of a methodology based on a low level
f details, since some of the alternative processes considered are
ot yet at the stage of industrial application. Thus, inherent safety
ey performance indicators were defined for the quantification of
he expected safety performance of each process and of the single
rocess units.

The concept of inherent safety, introduced in the mid-1970s
y Kletz [16], is now widely applied in pursuing the reduction of
he hazards related to industrial processes. A well-known set of
uideword was proposed to orient technology design toward inher-
nt safety [17]. Out of them, the “substitution” guideword appears
articularly appropriate to describe the difference introduced by
he innovative storage technologies proposed for hydrogen stor-
ge, as hydrides. In these processes a rather hazardous substance
hydrogen) is actually replaced with a less hazardous material (the

ydride) in the storage units [17]. Also the “moderation” guideword
ay be applied to understand the different inherent safety perfor-
ance of alternative technologies, since the hydrides requires “less

evere process conditions” [17]. However, the sole inherent safety
rinciples do not yield a quantitative picture of the achieved safety
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Table 3
Threshold values assumed for the estimation of the expected damage distances

Physical effect Threshold values

Effect on humans Domino escalation

Flash Fire—transient radiation 1/2 LFL lower flammability limit, %vol 1/2 LFL lower flammability limit, %vol
Fireball—transient radiation 7 kW/m2 15a–50b kW/m2

Jet Fire—stationary radiation 7 kW/m2 15a–50b kW/m2

Pool Fire—stationary radiation 7 kW/m2 15a–50b kW/m2

Vapor Cloud Explosion—overpressure 0.14 bar 0.16b–0.22a bar
Physical/mechanical explosion—overpressure 0.14 bar 0.16b–0.22a bar
Toxic exposure IDLH immediately dangerous t

a Value for atmospheric equipment.
b Value for pressurized equipment.

Fig. 1. Flow diagram of the method used for the calculation of the inherent safety
key performance indicators.
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erformance. Existing methods for the evaluation of the inherent
afety performance of a process are mainly aimed at the assess-
ent of chemical reaction processes and in most cases introduce

omehow arbitrary hazard indexes, derived from expert judgment
21]. Thus, literature methods for inherent safety assessment show
mportant limits in the assessment of storage systems. To overcome
hese limitations, in the present approach, a specific methodology
ased KPIs derived from the estimation of the consequences of the
otential accidents was further developed and applied to the com-
arative assessment of the inherent safety of process alternatives.

The flow diagram of the method is shown in Fig. 1. Table 2 reports
he required inputs and the outputs provided. As shown in Fig. 1, the
rst step of the methodology is the identification of process units
o be considered in each alternative scheme, which are classified
n the basis of their structural and geometrical features. Different
ailure modes related to loss of containment (LOC) are thus asso-
iated to each unit on the basis of literature data analysis [18–20].
n the second step, a credit factor is assigned to each LOC, in order
o assess its likelihood. The credibility of a LOC is estimated on the
asis of available statistical data for failure frequencies. Equipment
requency failure data are reported in several publications. The ref-
rence values suggested for a given equipment failure mode by the
Purple Book” [18] or, if not available, by the American Petroleum
nstitute (API) [19] were used in the present approach as “credit
actors” for standard technologies (see Appendix A for examples).
he reference values reported for standard technologies by these
ources may be modified to account for improved safety standards
f specific pieces of equipment. In particular, a simplified Failure
ode and Effect Analysis (FMEA) was used in the present approach

o obtain data for non-standard equipment.
In step 3 of the procedure, the consequence analysis of each pos-

ible scenario following the LOC was performed. Standard event
rees were used to identify the scenarios, while loss intensities and
onsequences were calculated by conventional literature models
22,23]. The threshold values for damage to humans reported in
able 3 and derived from technical standards were used to calculate
conventional damage distance for each scenario. The conventional
amage distance of the scenario was defined as the maximum
istance at which the physical effects of the scenario considered
qual the corresponding threshold value reported in Table 3 (see
ppendix A for examples).

A unit hazard vector was thus obtained, selecting the damage
istance of the worst-case scenario of each LOC event considered for
he unit. Further details on steps 1–3 of the procedure are reported
lsewhere [21].

Due to the severe potential hazard caused by escalation events in

ydrogen storage systems, a specific step of the procedure (step 4 in
ig. 1) was dedicated to the estimation of an escalation vector for
ach process unit considered. The escalation thresholds reported
n Table 3, derived from previous studies [24,25], were used to cal-
ulate the conventional escalation distances for each LOC using a
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ig. 2. Small-scale hydrogen storage processes: reference schemes considered in the
nalysis. (a) Compressed, (b) cryogenic and (c) metal hydrides storage technologies.

rocedure similar to that applied in step 3. In particular, for each
cenario following the LOC, conventional consequence assessment
odels were used to calculate the maximum distance at which
he physical effects resulted equal to the corresponding escala-
ion threshold reported in Table 3. The maximum distance among
hose calculated for all the scenarios considered was assumed as
he escalation distance for the LOC (see examples in Appendix A).
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u
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ig. 3. Medium-scale hydrogen storage processes: reference schemes considered in the an
torage technologies.
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n escalation vector was thus defined for each unit, the elements
eing the escalation distances of each LOC event considered for the
nit. The escalation vector was used in the following step to provide
pecific domino hazard indexes.

Table 2 summarizes the inherent safety key performance indi-
ators obtained by the procedure (steps 5 and 6 in Fig. 1). The
nit potential hazard index (UPI) was defined as the square of
he maximum damage distance calculated for the unit. The UPI is
hus representative of the maximum impact area that may derive
rom the worst-case scenario considered for the unit. A unit inher-
nt hazard index (UHI) was also defined. The UHI was introduced
o consider in the analysis the safety scores of the equipment,
xpressed by the above defined credit factors. The UHI was cal-
ulated by the following expression:

HI =
n∑

i=1

cfi · (hi − c)2 (1)

here n is the number of LOC events considered for the unit, cfi
nd hi are, respectively, the credit factor and the maximum dam-
ge distance calculated for the ith LOC event of the unit, and c is a
onstant. The constant c, taken equal to 5 m in the present study,
as introduced to avoid considering in the analysis a number of

minor” scenarios (having a damage distance of less than 5 m in the
onsequence analysis models in the near field.
The sum of UPI and of UHI values for all the process units were

sed to calculate, respectively, the overall potential index (PI) and
he overall hazard index (HI) of the process. These overall indexes

alysis. (a) Compressed, (b) cryogenic, (c) metal hydrides and (d) complex hydrides
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Table 4
Values of the unit KPIs calculated for the four alternative storage technologies considered

Scheme Small scale Medium scale Large scale

Unit Description UPI UHI Unit Description UPI UHI Unit Description UPI UHI

Com-
pressed

D1–D2 Bulk storage tanks 1.3 × 103 1.7 × 10−2 D1–D2 (A–G) Bulk storage tanks 7.3 × 103 1.8 × 10−2

D3–D13 Buffer storage tanks 1.4 × 103 1.9 × 10−2

K1 Compressor 1.1 × 103 2.7 × 10−1

Cryo-
genic

D1 Bulk storage tank 6.0 × 102 1.3 × 10−1 D1 Bulk storage tank 6.8 × 103 2.0 × 10−1 D1 N2 Buffer storage tank – –
E1 Electric vaporizer – – D2–D12 Buffer storage tanks 1.4 × 103 1.9 × 10−2 D2 Buffer storage tank 1.6 × 104 2.9 × 10−2

E1 Vaporizer 9.4 × 101 1.5 × 10−2 D3–D4 Bulk storage tanks 1.1 × 106 1.2 × 101

K1 Compressor 1.1 × 103 2.7 × 10−1 K1 N2 Compressor – –
K2 Compressor 5.9 × 105 1.3 × 102

E1 Heat exchanger – –
E2 Heat exchanger 7.8 × 102 1.1 × 100

E3 Heat exchanger 6.8 × 102 8.8 × 10−3

E4 Heat exchanger 7.3 × 102 5.6 × 10−2

Metal
hydride

D1–D5 Bulk storage tanks 1.8 × 102 3.0 × 10−3 D1–D5 Bulk storage tanks 6.9 × 102 1.7 × 10−1

D6 Gas dispenser 5.5 × 101 1.0 × 10−4 D7 Oil buffer tank 1.1 × 101 1.8 × 10−3

D7 Oil buffer tank 1.1 × 100 2.0 × 10−5 D6–D16 Buffer storage tanks 1.4 × 103 1.9 × 10−2

E1 Heat exchanger 3.7 × 100 1.8 × 10−2 E1 Heat exchanger 5.5 × 100 1.8 × 10−2

E2 Heat exchanger 3.4 × 100 1.4 × 10−2 E2 Heat exchanger 6.5 × 100 1.4 × 10−2

K1 Compressor 1.1 × 103 2.7 × 10−1

Com-
plex
hydride

D1 Bulk storage tank 1.5 × 103 3.5 × 10−2 D1–D2 Hydroxide storage tank – –
D2 Water storage tank – – D3–D4 Bulk storage tanks 3.6 × 103 7.3 × 10−2

D3 (A–B) Collector tank unit 5.5 × 101 5.0 × 10−5 D5 Buffer storage tank 3.5 × 102 2.7 × 10−4

D4–D14 Buffer storage tanks 1.4 × 103 1.9 × 10−2 R1 Reactor for regeneration 3.1 × 103 1.8 × 10−2

R1–R2 Hydrolysis reactors 5.3 × 102 4.0 × 10−3 R2 Reactor for hydride production 1.7 × 103 2.1 × 10−2

K1 Compressor 1.1 × 103 2.7 × 10−1 R3 Mixer 1.7 × 103 1.4 × 10−2

E1 Lithium cooler – –
K1 Compressor 4.2 × 103 6.4 × 100

B1 Rotating furnace 1.0 × 103 8.2 × 10−2

B2 Furnace – –
S1 Membrane separator 2.0 × 103 2.1 × 10−1
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able for small-scale applications, and were considered also for
medium-scale storage. Both processes are characterized by mod-
erate pressure and temperature, respectively, 1.1 MPa and 350 K.
Hydrogen is fed to the correspondent user in the gas phase. The

Table 5
Small-scale hydrogen storage schemes: calculated damage distances (di,j,k) and
credit factors (cfi,k) for each scenario (j) of each LOC (i) considered for each process
unit (k)

Scheme Unit LOC Scenario cfi,k di,j,k (m)

Compressed D1–D2: Bulk
storage tanks

R1 JF 1 × 10−5 40.1

VE 1 × 10−5 18.2
FF 1 × 10−5 18.3

R2 JF 5 × 10−7 <5.0

R3 FB 5 × 10−7 21.0
VE 5 × 10−7 41.0
FF 5 × 10−7 7.5

Cryogenic D1: Bulk
storage tank

R1 JF 1 × 10−4 24.4

VE 1 × 10−4 29.4
FF 1 × 10−4 22.4

R2 JF 5 × 10−6 <5.0
FF 5 × 10−6 <5.0

R3 FB 5 × 10−6 20.1
VE 5 × 10−6 23.4

E1: Electric
vaporizer

– – –

Metal hydrides D1–D5: Bulk
storage tanks

R1 JF 1 × 10−3 5.9

FF 1 × 10−3 5.6

R2 JF 5 × 10−5 <5.0
FF 5 × 10−5 <5.0

R3 FB 5 × 10−5 6.5
VE 5 × 10−5 18.6

D6: Gas
dispenser

R1 JF 1 × 10−5 7.6

FF 1 × 10−5 <5.0

R2 JF 5 × 10−7 <5.0

R3 FB 5 × 10−7 12.4
VE 5 × 10−7 9.2
FF 5 × 10−7 <5.0

D7: Oil buffer
tank

R1 PF 1 × 10−5 5.9

FF 1 × 10−5 6.1

R2 FF 5 × 10−7 5.8
R3 FF 5 × 10−7 5.9

E1: Heat
exchanger

R4 PF 1 × 10−3 7.3

JF 1 × 10−3 8.5

R5 PF 1 × 10−4 6.5

−3
ig. 4. Large-scale hydrogen storage processes: reference schemes considered in the
nalysis. (a) Cryogenic and (b) complex hydrides storage technologies.

llow the assessment of the expected overall inherent safety perfor-
ance of the plant, based either on a direct assessment of potential
orst-case scenarios (PI) or of likely safety performance and release

cenarios of the process units (HI).
A similar procedure was applied to calculate the unit and the

verall escalation hazard indexes. Similarly to UPI, the unit poten-
ial domino index, UPD, was defined as the square of the maximum
scalation distance calculated for the unit. The unit domino hazard
ndex, UHD, was defined by Eq. (1), substituting damage distances,
i, with escalation distances, ei. The overall domino potential index,
D, and the overall domino hazard index, HD, were defined sum-
ing up, respectively, the UPD values and the UHD values for all

he units.
In the following, the eight KPIs listed in Table 2 were used to

rovide an overall quantification of the inherent safety of the alter-
ative technologies proposed for hydrogen storage.

. Reference schemes for inherent safety comparison

Reference schemes were defined for the storage technologies
onsidered in the present study. Figs. 2–4 report the reference
chemes defined for the different technologies and the different
cales considered in the assessment on the basis of literature data
nd of available information on existing hydrogen storage plants.
he symbols used to identify the units in the figures are explained
n Table 4.

Compressed gas storages were considered only for small- and
edium-scale applications, since large-scale applications (accord-

ng to the size definition reported in Section 2) are not of industrial
nterest. The reference schemes in Figs. 2(a) and 3(a) are based on

igh pressure bulk storage units (operating pressure was assumed,
espectively, of 40 and 25 MPa).

Cryogenic storage units, containing liquid hydrogen at about
5 K, were considered for all the three scales. In small- and medium-
cale applications, hydrogen should be delivered in the gas phase F
s Materials 159 (2008) 554–566 559

o the user. Thus, in these cases, a vaporization section is needed.
n electric heater (E1 in Fig. 2(b)) was considered for the small-
cale scheme, while an external coil-vaporizer was considered for
edium-scale applications (E1 in Fig. 3(b)). Large-scale cryogenic

torage is coupled with a liquefaction plant, that was included in
he analysis.

Metal hydrides storages (Figs. 2(c) and 3(c)), in which hydrogen
s stored as adsorbed hydride on a specific support, are avail-
E2: Heat
exchanger

R4 PF 1 × 10 7.1

JF 1 × 10−3 8.1

R5 PF 5 × 10−4 5.9

or LOC and scenario definition see Table 6.
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Table 6
LOC events and scenarios considered in the consequence assessment procedure

LOC events
R1 Small leak, continuous release from a 10 mm equivalent diameter hole
R2 Catastrophic rupture, release of the entire inventory in 600 s
R3 Catastrophic rupture, instantaneous release of the entire inventory and

release from the full-bore feed pipe
R4 Pipe leak, continuous release from a hole having 10% of pipe diameter; heat

exchanger small leak
R5 Pipe rupture, continuous release from the full-bore pipe; heat exchanger

head full-bore rupture

Scenarios
FB Fireball
JF Jet Fire
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VE Vapor Cloud Explosion
FF Flash Fire
PF Pool Fire
TD Toxic Dispersion

eat exchange between the solid adsorption support, contained in
he storage units (D1–D5 in Figs. 2(c) and 3(c)), and the thermal

ector, is crucial. The use of a mineral oil as a thermal vector was
onsidered, in order to remove the heat of adsorption and to provide
he heat of desorption.

Complex hydrides were considered only for medium and large-
cale application. Details on the process required for the formation

a
s
t

ig. 5. Normalized values of: overall potential hazard and inherent hazard indexes; unit
nit potential hazard and inherent hazard indexes. (a) Small scale, (b) medium scale, and

able 7
verall inherent safety KPIs calculated for the for the four reference process schemes con

cheme Small scale Me

PI HI PI

ompressed 1.3 × 103 1.7 × 10−2 9.8
ryogenic 6.0 × 102 1.3 × 10−1 9.4
etal hydride 2.4 × 102 3.5 × 10−2 3.2

omplex hydride 4.6
s Materials 159 (2008) 554–566

f the hydride and for the controlled release of hydrogen by its
ecomposition are reported in Appendix A. In medium-scale appli-
ations (Fig. 3(d)), it was assumed that only the decomposition
ould take place at the storage site, while the regeneration of the

xhaust slurry would take place elsewhere (in a dedicated large-
cale plant). Thus, in Fig. 3(d) the reaction of slurry, composed of
mineral oil and the hydride, with water was considered in order

o release hydrogen. The bulk storage unit (D1) only contains the
nert slurry at ambient pressure and temperature.

In the large-scale application (Fig. 4(b)), also the slurry regen-
ration unit was considered. The conversion from hydroxide to
ydride involves high temperatures (1350 K) and is an endother-
ic process. Thus, an auxiliary heat source is needed (furnace B2 in

ig. 4(b)).
Further details on the reference schemes reported in Figs. 2–4

re provided in Appendix A.

. Results and discussion

.1. Small scale
Table 5 reports the damage distances, the escalation distances
nd the credit factors assessed for the “small-scale” reference
chemes. Table 6 reports the definition of the LOC events and of
he scenarios considered in the assessment.

potential hazard and inherent hazard indexes for the bulk storage unit; maximum
(c) large scale.

sidered

dium scale Large scale

HI PI HI

× 103 3.1 × 10−1

× 103 5.0 × 10−1 1.7 × 106 1.4 × 102

× 103 4.9 × 10−1

× 103 3.3 × 10−1 1.8 × 104 6.8 × 100
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Table 8
Medium-scale hydrogen storage—compressed scheme: calculated damage dis-
tances (di,j,k), escalation distances (ei,j,k) and credit factors (cfi,k) for each scenario
(j) of each LOC (i) considered for each process unit (k)

Unit LOC Scenario cfi,k di,j,k (m) ei,j,k (m)

D1–D2: (A–G) R1 JF 1 × 10−5 30.6 23.9
VE 1 × 10−5 17.2 14.2
FF 1 × 10−5 21.0 21.0

R2 JF 5 × 10−7 33.0 24.6
VE 5 × 10−7 17.3 14.2
FF 5 × 10−7 15.8 15.8

R3 FB 5 × 10−7 90.2 52.2
VE 5 × 10−7 73.3 53.1
FF 5 × 10−7 41.0 41.0

D3–D13 R1 JF 1 × 10−5 42.8 33.2
VE 1 × 10−5 18.4 14.0
FF 1 × 10−5 19.6 19.6

R2 JF 5 × 10−7 5.2 <5.0
VE 5 × 10−7 <5.0 <5.0
FF 5 × 10−7 <5.0 <5.0

R3 FB 5 × 10−7 28.1 16.1
VE 5 × 10−7 21.4 15.5
FF 5 × 10−7 10.4 10.4

K1 R4 JF 1 × 10−3 14.6 10.7

F

It must be remarked that the values of the credit factors used
in the present study are derived from available literature data
based on the analysis of standard equipment performances. Thus,
in particular in the case of technologies still under development,
as metal hydrides, the actual values of these factors in a future
ig. 6. Medium-scale hydrogen storage processes: overall, bulk storage and maxi-
um unit values of domino potential (a) and inherent hazard (b) indexes.

The unit potential index was directly obtained from the data
n Table 5 selecting the maximum damage distance for each unit,

hile the unit hazard index was calculated applying Eq. (1) to the
ame data. The results obtained are reported in Table 4. As shown
n the table, in all the alternative schemes considered the hydrogen
ulk storage is the unit that shows the higher value of the unit
otential index, UPI. On the other hand, the introduction of credit

actors in the analysis penalizes the presence of equipment items
hat may origin more easily LOC events. Thus, as shown in Table 4,
n the case of metal hydrides the higher values of the unit hazard
ndex, UHI, were obtained for the shell and tube heat exchangers.

Table 7 shows the values calculated for the overall potential
nd hazard indexes, PI and HI. The table evidences that the high-
st potential hazard index PI was obtained for the compressed gas
torage, while the introduction of credit factors results in a penal-
zation of the cryogenic technology, that results associated to the
ighest value of the hazard index, HI.

Fig. 5(a) reports a comparison among the normalized values
f the potential and hazard indexes calculated for the alternative
echnologies. The radar plot allows an effective comparison among
he expected safety performance of the alternative technologies.
s shown in the plot, metal hydride technology shows the best
xpected safety performances. Compressed storage is the tech-
ology associated to the higher potential hazards. On the other
and, if credit factors are considered, liquefied storage is penal-

zed, while compressed storage and metal hydrides are expected to
ave similar performances. This result is caused by the high credit

actors associated to LOC events from auxiliary units, in particular
eat exchangers, present in the metal hydrides scheme. These fac-

ors increase the overall hazard index associated to the technology,
hat results comparable to that of compressed storage, even if the
PI and UHI values of the bulk storage are much lower for metal
ydrides than for compressed storage, as shown in Fig. 5(a).

F
u

R5 VE 1 × 10−4 38.8 35.1
FF 1 × 10−4 30.1 30.1

or unit labels definition see Table 4. For LOC and scenario definition see Table 6.
ig. 7. Large-scale hydrogen storage processes: overall, bulk storage and maximum
nit values of domino potential (a) and inherent hazard (b) indexes.
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Table 9
Medium-scale hydrogen storage—cryogenic scheme: calculated damage distances
(di,j,k), escalation distances (ei,j,k) and credit factors (cfi,k) for each scenario (j) of each
LOC (i) considered for each process unit (k)

Unit LOC Scenario cfi,k di,j,k (m) ei,j,k (m)

D1 R1 JF 1 × 10−4 24.4 18.5
VE 1 × 10−4 29.6 25.2
FF 1 × 10−4 22.4 22.4

R2 JF 5 × 10−6 35.4 26.7
VE 5 × 10−6 44.3 36.7
FF 5 × 10−6 30.6 30.6

R3 FB 5 × 10−6 87.3 51.8
VE 5 × 10−6 70.4 50.0
FF 5 × 10−6 55.2 55.2

D2–D12 R1 JF 1 × 10−5 42.8 33.2
VE 1 × 10−5 18.4 14.0
FF 1 × 10−5 19.6 19.6

R2 JF 5 × 10−7 5.2 <5.0
VE 5 × 10−7 <5.0 <5.0
FF 5 × 10−7 <5.0 <5.0

R3 FB 5 × 10−7 28.1 16.1
VE 5 × 10−7 21.4 15.5
FF 5 × 10−7 10.4 10.4

E1 R4 FF 1 × 10−3 8.7 8.7

R5 JF 1 × 10−5 14.7 11.4
FF 1 × 10−5 10.1 10.1

K1 R4 JF 1 × 10−3 14.6 10.7
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complex designs, or the use of equipment items that more easily
may origin LOC events. In particular, high values of the credit factor
associated to the LOC events considered were obtained for the shell
and tube unit present in the metal hydride reference scheme and
for the multilayer coated vessel considered for cryogenic storage.

Table 10
Medium-scale hydrogen storage—metal hydrides scheme: calculated damage dis-
tances (di,j,k), escalation distances (ei,j,k) and credit factors (cfi,k) for each scenario (j)
of each LOC (i) considered for each process unit (k)

Unit LOC Scenario cfi,k di,j,k (m) ei,j,k (m)

D1–D5 (tube side
discharging)

R4 JF 1 × 10−3 16.7 12.5

VE 1 × 10−3 8.4 <5.0
FF 1 × 10−3 7.7 7.7

R5 JF 1 × 10−5 31.3 16.1
VE 1 × 10−5 19.0 9.2
FF 1 × 10−5 18.0 18.0

D6–D16 R1 JF 1 × 10−5 42.8 33.2
VE 1 × 10−5 18.4 14.0
FF 1 × 10−5 19.6 19.6

R2 JF 5 × 10−7 5.2 <5.0
VE 5 × 10−7 <5.0 <5.0
FF 5 × 10−7 <5.0 <5.0

R3 FB 5 × 10−7 28.1 16.1
VE 5 × 10−7 21.4 15.5
FF 5 × 10−7 10.4 10.4

D17 R1 FF 1 × 10−5 8.3 8.3
R2 JF 1 × 10−7 8.2 <5.0

E1 R4 JF 1 × 10−3 9.2 7.1
FF 1 × 10−3 <5.0 <5.0

R5 JF 1 × 10−5 12.4 10.1
VE 1 × 10−5 <5.0 <5.0
FF 1 × 10−5 7.8 7.8

E2 R4 JF 1 × 10−3 8.7 6.7
VE 1 × 10−3 <5.0 <5.0
FF 1 × 10−3 <5.0 <5.0

R5 JF 1 × 10−5 13.1 11.3
VE 1 × 10−5 7.8 5.4
FF 1 × 10−5 8.3 8.3
R5 VE 1 × 10 38.8 35.1
FF 1 × 10−4 30.1 30.1

or unit labels definition see Table 4. For LOC and scenario definition see Table 6.

ndustrial application may be different, since specific equipment
ith improved safety performances may be used. Nevertheless, the

esults obtained evidence that in the perspective of an industrial
mplementation of this technology, the reliability of the auxiliary
quipment will be an important issue to be addressed.

.2. Medium scale

The values calculated for the unit potential and hazard indexes
f “medium-scale” reference schemes are shown in Table 4. The
alues of damage distances and of credit factors used in the calcu-
ations are reported in Appendix A. The results evidence that, as in
he previous case, the hydrogen bulk storage is the unit associated
o the higher values of the potential index in all reference schemes,
ith the exception of that based on metal hydrides. In this case, the

uffer tanks containing pressurized hydrogen show higher poten-
ial indexes than the bulk storage, due to the higher expected safety
erformance of bulk storage based on metal hydrides.

If the unit hazard indexes are compared, the hydrogen com-
ressor always results the more hazardous unit. The credit factors
elated to this equipment item are particularly high, even if the
amage distances are rather low with respect to those obtained
or the bulk storage units. Thus, the compression units result the

ore critical with respect to inherent safety. Again, this is due to
he importance given to the credit of LOC events in the unit hazard
ndex (credit factors).

Table 7 reports the values of the overall indexes. The table evi-

ences that the overall potential hazard index PI results higher
or commercial technologies (compressed and liquefied storages)
han for the innovative ones based on metal and complex hydrides.
his is mostly due to the contribution of the bulk storage unit,

K

F

s Materials 159 (2008) 554–566

nd is caused by the more severe operating conditions of this
nit, that may result in worst consequences of the possible LOC
vents. From the point of view of inherent safety principles, these
utcomes were expected, since the innovative technologies are
xamples of application of the principles underlying the “substi-
ution” and “moderation” guidewords [16,17]. On the other hand,
he higher values of the overall inherent hazard index HI were
btained for metal hydride and liquefied storage systems, while
he HI value for compressed storage resulted lower and compara-
le to that obtained for the complex hydride system. A key issue
hat influences the values of the overall hazard index is the plant
omplexity, in terms of auxiliary equipments and secondary units.
he innovative technologies, such as hydride storages, need heat
ransfer utilities, while the process diagram of commercial com-
ressed storage technologies is much simpler and a more limited
umber of units is present. The contribution of auxiliary equipment
o the overall KPIs may be important, in particular if high credit fac-
ors are associated to LOC events from these units. As a matter of
act, the introduction of credit factors in the analysis penalizes more
1 R4 JF 1 × 10−3 14.6 10.7

R5 VE 1 × 10−4 38.8 35.1
FF 1 × 10−4 30.1 30.1

or unit labels definition see Table 4. For LOC and scenario definition see Table 6.
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Table 11
Medium-scale hydrogen storage—complex hydrides scheme: calculated damage
distances (di,j,k), escalation distances (ei,j,k) and credit factors (cfi,k) for each scenario
(j) of each LOC (i) considered for each process unit (k)

Unit LOC Scenario cfi,k di,j,k (m) ei,j,k (m)

D1 R1 FB 1 × 10−4 17.7 13.0
VE 1 × 10−4 13.3 12.0
FF 1 × 10−4 <5.0 <5.0

R3 FB 5 × 10−6 44.2 33.1
VE 5 × 10−6 34.0 32.0
FF 5 × 10−6 11.2 11.2

D2 – – – – –

D3 (A–B) R1 JF 1 × 10−5 <5.0 <5.0
FF 1 × 10−5 <5.0 <5.0

R2 JF 5 × 10−7 <5.0 <5.0
FF 5 × 10−7 <5.0 <5.0

R3 FB 5 × 10−7 12.4 <5.0
VE 5 × 10−7 9.2 8.0
FF 5 × 10−7 <5.0 <5.0

D4–D14 R1 JF 1 × 10−5 42.8 33.2
VE 1 × 10−5 18.4 14.0
FF 1 × 10−5 19.6 19.6

R2 JF 5 × 10−7 5.2 <5.0
VE 5 × 10−7 <5.0 <5.0
FF 5 × 10−7 <5.0 <5.0

R3 FB 5 × 10−7 28.1 16.1
VE 5 × 10−7 21.4 15.5
FF 5 × 10−7 10.4 10.4

R1–R2 R1 JF 1 × 10−4 <5.0 <5.0
FF 1 × 10−4 <5.0 <5.0

R2 VE 5 × 10−6 5.9 <5.0
FF 5 × 10−6 <5.0 <5.0

R3 FB 5 × 10−6 28.1 11.0
VE 5 × 10−6 21.4 12.0
FF 5 × 10−6 6.8 6.8

K1 R4 JF 1 × 10−3 14.6 10.7
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Table 4 reports the values calculated for the two large-scale
hydrogen storage reference schemes considered in the present
study. Also in this case, the data calculated for damage distances,

Table 12
Large-scale hydrogen storage—cryogenic scheme: calculated damage distances
(di,j,k), escalation distances (ei,j,k) and credit factors (cfi,k) for each scenario (j) of each
LOC (i) considered for each process unit (k)

Unit LOC Scenario cfi,k di,j,k (m) ei,j,k (m)

D1 – – – – –

D2 R1 JF 1 × 10−5 24.4 18.7
VE 1 × 10−5 29.6 25.4
FF 1 × 10−5 22.4 22.4

R2 JF 5 × 10−7 41.2 30.0
VE 5 × 10−7 45.5 38.8
FF 5 × 10−7 34.7 34.7

R3 FB 5 × 10−7 97.2 39.0
VE 5 × 10−7 130.6 80.0
FF 5 × 10−7 65.8 65.8

D3–D4 R1 JF 1 × 10−4 24.4 18.7
VE 1 × 10−4 29.6 25.4
FF 1 × 10−4 22.4 22.4

R2 JF 5 × 10−6 207.4 143.1
VE 5 × 10−6 230.3 192.3
FF 5 × 10−6 157.6 157.6

R3 FB 5 × 10−6 306.6 180.8
VE 5 × 10−6 1035.5 875.0
FF 5 × 10−6 1047.9 1047.9

E1 – – – – –

E2 R4 JF 1 × 10−4 12.0 <5.0
VE 1 × 10−4 <5.0 <5.0
FF 1 × 10−4 <5.0 <5.0

R5 JF 5 × 10−6 19.7 7.6
VE 5 × 10−6 32.9 10.0
FF 5 × 10−6 13.0 13.0

E3 R4 JF 1 × 10−4 11.0 <5.0
VE 1 × 10−4 <5.0 <5.0
FF 1 × 10−4 <5.0 <5.0

R5 JF 5 × 10−6 19.7 7.5
VE 5 × 10−6 32.9 8.0
FF 5 × 10−6 12.5 12.5

E4 R4 JF 1 × 10−4 19.4 <5.0
VE 1 × 10−4 18.3 <5.0
FF 1 × 10−4 16.5 16.5

R5 JF 5 × 10−6 13.0 7.0
VE 5 × 10−6 19.0 11.0
FF 5 × 10−6 31.0 31.0

K1 – – – – –

K2 R4 JF 1 × 10−3 25.1 20.1
VE 1 × 10−3 16.5 13.2
FF 1 × 10−3 13.2 13.2
R5 VE 1 × 10 38.8 35.1
FF 1 × 10−4 30.1 30.1

or unit labels definition see Table 4. For LOC and scenario definition see Table 6.

The radar plot reporting the normalized values of the more sig-
ificant hazard and potential indexes is shown in Fig. 5(b). The
gure evidences that chemical and metal hydrides are expected
o have better safety performances than the more conventional
echnologies for hydrogen storage. Again, the similar values of the
azard indexes obtained for the compressed storage and of metal
nd complex hydrides technologies evidence the problem of the
eliability of auxiliary equipment as a key factor in the development
f alternative technologies for hydrogen storage.

In medium-scale installations, escalation events may give an
mportant contribution to the overall hazard. Fig. 6 reports the val-
es calculated for the domino potential and hazard indexes. The
alues were calculated from the escalation distances and credit
actors reported in Appendix A (Tables 8–11).

As shown in Fig. 6, cryogenic liquefied storage has very high
alues of both potential and hazard indexes, mainly due to the
ontribution of the hydrogen bulk storage. On the other hand,

ompressed storage has associated the higher potential index for
omino effect, although credit factors are low, as shown in Fig. 6(b).
esides, alternative technologies present also in this case lower
otential indexes (Fig. 6(a)) but, at the same time, the hazard F
s Materials 159 (2008) 554–566 563

ndexes result influenced by the compression unit. As a matter of
act, the maximum domino unit hazard index, UHD, is associated
o this piece of equipment in all the assessed technologies.

.3. Large scale
R5 JF 1 × 10−4 478.8 300.0
VE 1 × 10−4 771.1 404.0
FF 1 × 10−4 707.1 707.1

or unit labels definition see Table 4. For LOC and scenario definition see Table 6.
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Table 13
Large-scale hydrogen storage—complex hydrides scheme: calculated damage dis-
tances (di,j,k), escalation distances (ei,j,k) and credit factors (cfi,k) for each scenario (j)
of each LOC (i) considered for each process unit (k)

Unit LOC Scenario cfi,k di,j,k (m) ei,j,k (m)

D1–D2 – – – – –

D3–D4 R1 FB 1 × 10−4 22.2 10.0
VE 1 × 10−4 16.8 11.0
FF 1 × 10−4 <5.0 <5.0

R3 FB 5 × 10−6 65.1 27.0
VE 5 × 10−6 51.6 37.0
FF 5 × 10−6 17.3 17.3

D5 R3 FB 5 × 10−7 23.8 9.6
VE 5 × 10−7 18.1 13.0
FF 5 × 10−7 8.3 8.3

R1 R3 FB 5 × 10−6 28.5 17.5
VE 5 × 10−6 60.3 41.0
FF 5 × 10−6 14.2 14.2

R2 R3 FB 5 × 10−6 46.6 15.3
VE 5 × 10−6 40.0 33.0
FF 5 × 10−6 16.5 16.5

R3 R3 FB 5 × 10−6 45.7 24.0
VE 5 × 10−6 37.9 18.7
FF 5 × 10−6 11.2 11.2

E1 – – – – –

K1 R4 JF 1 × 10−3 70.0 54.0
VE 1 × 10−3 37.7 33.0
FF 1 × 10−3 35.8 35.8

R5 JF 1 × 10−4 46.6 31.0
VE 1 × 10−4 19.1 15.3
FF 1 × 10−4 11.0 11.0

B1 R1 JF 1 × 10−3 <5.0 <5.0
FF 1 × 10−3 13.1 13.1

R3 FB 5 × 10−5 37.2 21.0
VE 5 × 10−5 28.7 16.0
FF 5 × 10−5 9.3 9.3

B2 – – – – –

S1 R1 TD 1 × 10−4 50.0 –
−4

F

e
T
a
t
c
r
h
t
e
a
[

s
p
f
t
t

e
h
r
i
b
t
t
f
u
b
c
p
t
t
n
m
i
t
e
T

6

a
c
S
w
i
i
p
c
l
a
u
t
a
s
o
e
c
v
l
a
a
t
p
c
t
t
g
i

A

A

due to their simplicity and to the lower cost of small-scale storage
JF 1 × 10 9.0 6.0
FF 1 × 10−4 10.0 7.0

or unit labels definition see Table 4. For LOC and scenario definition see Table 6.

scalation distances and credit factors are reported in Appendix A.
able 4 evidences that in both processes the hydrogen bulk stor-
ge unit does not result the more critical item. Nevertheless, both
he unit potential and unit hazard indexes are much lower for the
omplex hydride bulk storage, as evidenced also in the radar plot
eported in Fig. 5(c). This is due to the inherently safer storage of
ydrogen as stable hydride in solid phase in this technology. Thus,
he results obtained for the bulk storage indexes are a concrete
xample of the effectiveness of the application of the “substitution”
nd “moderation” inherent safety guidewords for hazard reduction
17].

Also in this case, the most critical unit resulted the compression
ystem for both alternatives. This unit is needed in the conventional

rocess for hydrogen liquefaction and in complex hydrides storage
or hydrogen gas delivery. As shown in Table 4, in both alternatives
he compression unit gives the more important contribution to both
he potential and the hazard indexes.

a
h
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The overall potential and hazard indexes reported in Table 7
vidence that the expected safety performance of the complex
ydrides large-scale storage including the regeneration section
esults higher than that of conventional cryogenic liquid storage
ncluding a liquefaction section. As shown in Table 7 and in Fig. 5(c),
oth potential and inherent hazard indexes, PI and HI, evaluated for
he cryogenic storage result about two orders of magnitude higher
han in the alternative technology. Similar results were obtained
or the escalation hazard, as shown in Fig. 7. The PD index eval-
ated for the cryogenic alternative is strongly influenced by the
ulk storage unit while the HD index, that takes into account the
redit factors, is penalized also in this case by the hydrogen com-
ression unit. Similarly, the escalation hazard KPIs evaluated for
he complex hydrides technology result about two order of magni-
ude lower than those of the liquefied storage process. Is it worth to
otice that in the case of escalation hazards, the contribution of the
embrane separation unit (labelled as S1 in Fig. 4(b)) to the overall

ndex is much lower than in the case of hazards to humans, since
he toxic dispersion of carbon monoxide is not taken into consid-
ration as in the case of potential and inherent hazard indexes (see
ables 4 and 7).

. Conclusions

The expected safety performances of alternative hydrogen stor-
ge technologies were explored estimating several KPIs based on
onsequence assessment and credit factors of possible LOC events.
everal storage sizes, related to different industrial applications,
ere considered. The calculated KPIs provide a preliminary screen-

ng of the expected safety performance and of the critical safety
ssues to be considered in the further development and in the
ossible industrial implementation of these technologies. All the
omparative analysis indicated that the potential hazard is always
ower for the innovative technologies proposed for hydrogen stor-
ge. This is mainly a consequence of the application of principles
nderlying the inherent safety “substitution” guideword, since in
hese alternative technologies hydrogen is stored as a less haz-
rdous hydride. Moreover, metal hydrides and complex hydrides
torage systems present less severe operative conditions than those
f conventional technologies (inherent safety guideword “mod-
ration”). Nevertheless, if the credit factors of LOC events are
onsidered, based on standard equipment reliability data, the inno-
ative technologies, and in particular metal hydrides storage, show
ower safety performances than conventional storage processes. As
matter of fact, Table 7 shows that the ranking based on the haz-

rd index (HI) is in the reverse order with respect to that based on
he potential index (PI). This is due to the more complex storage
rocess, requiring a higher number of auxiliary units, and to the
redit of LOC events in standard units as compressors or shell and
ube heat exchangers. Thus, the results obtained evidence that in
he perspective of an industrial implementation of these technolo-
ies, the reliability of the auxiliary equipment will be an important
ssue to be addressed.

ppendix A

.1. Description of reference technologies

Techniques based on hydrogen compression [8] are widely used
nd transport of hydrogen gas. However, this technique presents
igher costs in large-scale applications and the safety of pressur-

zed cylinders is of big concern, in particular in densely populated
egions [2]. Operating pressures range from 20 to 40 MPa in ordi-
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ary cases and further applications will require operating pressures
p to 70 MPa. The gas is stored at ambient temperature.

Liquefied hydrogen storage has a higher volumetric and gravi-
etric hydrogen density compared to the other techniques [8].
owever, a large amount of energy is required to liquefy the gaseous
ydrogen (about 30% of the energy content of the storage). More-
ver, a fraction of the stored hydrogen, which is called “boil off”
as, undergoes controlled evaporation, in order to reduce heating
ue to the external environment heat fluxes, since temperatures
re very low (20–25 K).

The techniques based on hydrogen storage materials, such as
etal and complex hydrides, provide a hydrogen storage vessel

olumetrically effective compared with compressed hydrogen gas,
ncreasing the safety quality aspects, due to the inherently less
evere operative conditions [1,2,8,13–15].

Several metals or alloys can be used to store hydrogen by the
ormation of metal hydrides [11,13–15], as shown in Eq. (A.1):

M + H2 → 2MH (A.1)

here M is a common metal. It is well-known that several
nter-metallic alloys are capable of absorbing and releasing hydro-
en without compromising their own structure. Manipulation of
bsorption temperature or supply pressure can influence the stor-
ge capacities and absorption rates. Similarly, desorption rates can
lso be controlled by varying the desorption temperatures. As an
xample, in the case of Lm–Ni5 hydride, the isothermal adsorption
oint is at 350 K and 1.1 MPa [11,13–15].

Besides metal hydrides, other storage materials are under devel-
pment, based on hydrolysis of particular inorganic compounds
dentified as the complex hydrides [2,14]. Complex hydrides are
norganic solids, such LiH, CaH2, NaBH4, etc. which strongly react

ith water to produce hydrogen following the Eq. (A.2):

Hx + xH2O → M(OH)x + xH2 (A.2)

The by-product is an exhausted hydroxide, which can be regen-
rated via reduction with carbon, e.g. obtained from biomass
aterials:

OH(l) + C(s) → M(l,g) + CO(g) + 1
2 H(g)

2 (A.3)

The advantage of the complex hydride is that hydrogen may be
asily stored in a stable solid matrix, which needs the controlled
eaction (A.2) to release hydrogen and, thus, can be stored at ambi-
nt conditions, without any auxiliary system and utility.

.2. Reference schemes

“Small-scale” storages are devoted to automotive applications.
he PFDs for the proposed technologies are reported in Fig. 2. A 5 kg
torage on board was considered for all the alternative technologies,
upplying gaseous hydrogen at a fuel cell engine on the vehicle. The
uel cell operating pressure was supposed to be 0.3 MPa, which is a
ypical operating condition for these equipment items. In the case
f the gaseous storage (Fig. 2(a)), the high pressure hydrogen is
elivered from the cylinders D1 and D2 by pressure gradient. In the
ase of the liquefied storage at 25 K (Fig. 2(b)), an electric vaporizer
1 provides low pressure gaseous hydrogen. Finally, in the case of
he metal hydrides storage, a battery of 5 tanks (D1–D5) is used,
ach containing up to 1 kg hydrogen via adsorption on a specific
etal support (Fig. 2(c)). An organic oil is used as a thermal vector,

oth to provide and subtract heat from the bulk storage unit in the

ifferent operating conditions. In the loading phase, the adsorption
eat is removed and the oil is cooled in the E2 heat exchanger. In the
ischarging phase, the oil heated in E1 heat exchanger, provides the
esorption heat to the storage unit. The released hydrogen is stored

n a pressurized buffer D6.

a
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“Medium-scale” storages are mainly developed in the per-
pective of application to hydrogen refuelling stations. In most
pplications, the storage unit is supposed to contain about 500 kg
f hydrogen, stored using different alternative technologies. In
he case of the gaseous storage technology, the bulk storage was
onsidered at on operating pressure of 25 MPa (Fig. 3(a)) with 2
ommercial tube trailers (D1 and D2). Each trailer was consid-
red as composed of 6 pressurized cylinders, each containing about
0 kg of hydrogen. Since for the refuelling of the next generation
ydrogen vehicles high pressures will be required, a compressor
K1) coupled with a buffer storage unit (D3–D13) is needed, pro-
iding gaseous hydrogen at 35 MPa.

In the case of the cryogenic storage (Fig. 3(b)), hydrogen is stored
t 20–25 K at moderate pressure (0.6 MPa). An external finned tubes
eat exchanger (E1) is needed to provide gaseous hydrogen. Also

n this case, the coupled compression (K1)–high pressure buffer
D2–D12) units are needed.

The medium-scale reference scheme for metal hydrides stor-
ge technology (Fig. 3(c)) was based on the same principle of the
mall-scale scheme. Each unit was supposed to store up to 100 kg
ydrogen by adsorption on metal hydrides. In the discharge phase,
ydrogen is released at low pressure (about 1.1 MPa) and com-
ressed as in previous cases.

The medium-scale reference scheme for hydrogen storage on
omplex hydrides (Fig. 3(d)) consists in three main sections: (i)
bulk storage unit for the hydride, at atmospheric pressure and

mbient temperature; (ii) a reaction section, in which the gaseous
ydrogen is produced; (iii) a compression and buffer storage unit.
he hydride is dispersed in a mineral oil in order to prevent the con-
act with moisture, which may cause unwanted hydrogen release.
n the reaction section, the slurry is mixed with water and gaseous
ydrogen is released via hydrolysis. Gaseous hydrogen is then
ompressed (K1) and sent to the high pressure buffer (D4–D14).
wo semi-batch reactors are supposed to work alternatively, in
rder to allow continuous supply of hydrogen to the compression
nit.

As discussed above, in “large-scale” reference schemes, also
uxiliary sections were considered in order to obtain a correct rep-
esentation of the expected safety performance of the process. Thus,
liquefaction section was considered together with cryogenic stor-
ge, and a hydroxide regeneration section was associated to the
omplex hydrides storage.

In large-scale cryogenic storage reference scheme (Fig. 4(a)), a
ouble tank bulk storage unit (D3 and D4) was considered, contain-

ng 27 t of liquid hydrogen at 1.7 MPa and 20–25 K. The liquefaction
rocess is characterized by the coupling of two cycles, respec-
ively, for nitrogen and hydrogen liquefaction. In each cycle, the
as is compressed (compressors K1 and K2, respectively), then
ooled (heat exchangers E1–E4) and finally expanded and liquefied.
he liquid is separated from the vapor in a buffer flash cham-
er (respectively, D1 and D2), and the vapor is recycled to the
ompressor.

Also in the case of the complex hydrides reference scheme
Fig. 4(b)), two large tanks (D3 and D4) were considered for the
ulk storage, containing 90 t of hydride slurry, equivalent to 27 t of
ydrogen. A LiH slurry with mineral oil was considered as a sup-
ort for hydrogen storage. The hydrogen release section is the same

llustrated for the medium-scale storage. In the regeneration sec-
ion, carbon based material (e.g. biomass) is mixed with the exhaust
ydroxide supplied from the exhaust storage (D1 and D2 tanks). In

decomposition reactor (R1), the reduction of the hydroxide was

onsidered. The gases formed are extracted and compressed (K1).
ydrogen is separated via membrane separation (S1) and coupled

n the mixer R2 with the liquid lithium coming from R1 to give the
egenerated hydride, which is separated (B1) and mixed with the
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ineral oil (R3). The heat necessary is provided by the combustion
f auxiliary fuel and waste carbon monoxide gas coming from S1 in
urner B2.

.3. Damage distances, escalation distances and credit factors

The detailed results of the consequence analysis for medium
nd large-scale reference schemes are reported in Tables 8–13. The
ables include the damage distances (di,j,k), escalation distances
ei,j,k) and the correspondent credit factors (cfi,k) calculated for each
cenario of each process unit following the procedure described in
ection 3. The definitions of the LOC events and of the scenarios
onsidered are reported in Table 6.
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