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ARTICLE INFO ABSTRACT

Keywords: This paper presents an analytical assessment of the energy-power relationship for different material-based
Hydrogen storage hydrogen storage systems, namely Metal Hydrides (MHs) and Liquid Organic Hydrogen Carriers (LOHCs).
Ragone plot Storage systems are subjected to continuous flow discharge processes through suitable control systems to meet
LOHC

constant specific power demands of end users. By means of reasonable assumptions, analytical expressions of
the time-dependent degree of hydrogenation (representing the state of charge) are obtained to find the amount
of hydrogen discharged (delivered energy) as a function of flow rate (required power). The results are first
presented in the form of dimensionless Ragone plots to highlight the dependence of the amount of discharged
hydrogen on the required mass flow rate. Numerical examples are presented for a couple of illustrative systems.
Moreover, these analytical expressions are shown to produce very similar results to those obtained with the
solution of a dynamic model, including, beyond the kinetic equation, mass and energy conservation applied to
the reactor. The results show a significant impact of power demand on the released hydrogen for most systems,
similar to that of capacitors, due to the dependence of the rate of reaction on the degree of hydrogenation:
as a consequence, the amount of energy that can be delivered to an end user decreases substantially with
an increase in the required power, resulting in a poor utilisation factor. Based on these results, MHs exhibit
almost first-order kinetics and can sustain efficient discharge with theoretical specific power up to 2kW/kg
(rate of chemical energy delivered per unit mass of active substance), corresponding to a discharge duration of
the order of 0.25h; some LOHCs are limited by second-order kinetics and the specific power should be lower
than 1kW/kg, with discharge durations that must be above 2hour, to ensure effective utilisation of stored

Metal hydrides
Utilisation factor
Specific energy—power relations

hydrogen.

1. Introduction technologies, Metal Hydrides (MHs) and Liquid Organic Hydrogen Car-
riers (LOHCs) have interesting properties that can make them suitable

Hydrogen is widely believed to play a strategic role in future energy for selected applications, even in the case of large-scale storage [9].
systems [1] based on Renewable Energy Sources (RES), as it allows MHs have long been proposed as a viable hydrogen storage technology,
the storage of intermittent non-programmable electricity generated by and the performance of low-temperature MHs, such as LaNis; and
RES such as wind and solar [2], avoiding unnecessary curtailments [3] other similar AB; alloys, is interesting in terms of energy density and
and making it possible to meet the needs of different energy sec- favourable operating conditions [10,11], despite their poor gravimetric

tors by means of green electricity [4] through the principle of sector
coupling [5], even in the case of otherwise hard-to-abate sectors [6].
To fulfil its role as an energy carrier in support of RES, an efficient
hydrogen storage and transport infrastructure is required to distribute
it from generation to use sites [7]. Given the underwhelming character-
istics of hydrogen in terms of energy density, several different storage
technologies have been proposed and developed over the years, relying
on physical processes to increase hydrogen’s density (physical hydrogen
storage: compressed, cryo-compressed or liquefied hydrogen) or on the
property of selected materials to adsorb, absorb, or chemically react
with hydrogen (material-based storage) [8]. Among material-based

density. More recently, LOHCs have attracted the attention of research
groups as a promising storage and transport technology [12]: LOHCs
have been shown to provide the cheapest option for long-distance,
large-volume hydrogen transport [13] and the lowest levelised cost of
hydrogen for intercontinental transport if the whole supply chain is
considered [14].

An effective hydrogen storage technology must allow the discharged
flow rate to be controlled and matched to the end-user demand, which
depends on the specific application considered: this is a particular
concern in the case of material-based hydrogen storage, as hydrogen
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discharge involves desorption from the MH or a dehydrogenation reac-
tion to release hydrogen from LOHCs, and the kinetic characteristics of
these reactions must be considered in the design of control systems and
may limit the dynamic performance of these storage systems. In gen-
eral, control systems must act on the reactor pressure or temperature;
both desorption and dehydrogenation are endothermic reactions that
require a Heat transfer Fluid (HTF) to transfer heat to the reactor [15,
16] . PID or multi-parametric controllers have been adopted to control
the output of MH systems [17], with different configurations, taking
the HTF flow rate, the HTF inlet temperature, or the discharge valve
opening as control variables acting on reactor temperature or pressure;
however, the most straightforward way to control hydrogen flow is
through the discharge valve opening [18,19]. Similar configurations
have recently been considered to control the flow rate in LOHC-based
systems. For example, the operation of DiBenzylToluene (DBT) reactors
has been controlled by means of PI/PID controllers acting on the
burner providing the required heat of reaction [20], or on the HTF
temperature and flow rate [21]. Pressure is also a variable that affects
the dehydrogenation reaction of LOHCs, as demonstrated for DBT [22]
and N-EthylCarbazole (NEC) [23], suggesting the option of controlling
the discharged flow rate also through a discharge valve [24], as in the
case of MHs.

Hydrogen storage systems are energy storage devices, with the
chemical energy of hydrogen being stored and delivered to the end
user. As such, specific energy and specific power, that is, the en-
ergy and power that can be effectively released per unit mass, are
crucial indicators of performance, as for any energy storage device.
Specific energy and specific power are represented in so-called Ragone
plots, which were introduced by Ragone [25] in 1968 to describe
how the useful energy delivered by electrochemical storage devices
decreases as the power required by the end user increases. Christen
and Carlen provided a generalised theory of Ragone plots for elec-
trochemical devices [26], and Ragone plots were then extended to
thermal energy storage systems [27]. Christen then provided a com-
prehensive discussion of Ragone plots and efficiency of electrochemical
and electro-thermal energy storage devices [28].

Material-based hydrogen storage systems have not yet been charac-
terised in terms of Ragone plots, to describe in a comprehensive and
systematic way the inverse relationship between power demand and
discharged energy, although this was occasionally recognised in the
case of MH systems [29]. Therefore, this paper aims to fill this gap in
the literature by providing a framework for assessing the energy—power
relation in material-based hydrogen storage systems in the context of
constant-power applications, as required by the theory of Ragone plots.
It is assumed that the power output (i.e. the flow rate discharged)
is controlled through a discharge valve that sets the reactor pressure
at the value required by the system dynamics; control through HTF
properties (inlet temperature or flow rate) is not included in this
analysis, to make it possible to obtain analytical expressions describing
the Ragone plot under some simplifying assumptions. These plots are
a valuable tool to assess the possible fields of application of a storage
technology, and therefore, the results and procedure presented in this
paper can be useful in comparing different material-based hydrogen
storage systems to find the range of energy-to-power ratios that allows
an efficient utilisation of each system.

The paper is structured as follows. Section 2 describes the con-
ceptual layout of the system, the equations that model the hydrogen
storage behaviour in the case of chemical storage, with particular
reference to LOHCs and MHs; the indicators used to assess system
performance are described. Section 3 first describes the analytical
results that can be obtained from just the equation representing the
kinetic behaviour of the systems; then the numerical results obtained
with the model including the kinetics, mass, and energy conservation
equations are presented, proving that the simplified model produces
accurate results. Finally, Section 4 draws conclusions from the results
presented in the previous sections.
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Fig. 1. Conceptual model of the hydrogen storage systems.

2. Methods

This section presents the equations describing the reaction rate
and the energy balance of the dehydrogenation reactions, in the case
of chemical reactions that are of interest for the chemical storage of
hydrogen in substances such as LOHCs or ammonia, or desorption
reactions that characterise the operation of MHs.

The reaction rate can be expressed in a dimensionless way through
the Degree of Hydrogenation (DoH), that is the ratio of the current
hydrogen content my; (#) to the maximum hydrogen content possible for
a given storage technology, which depends on its gravimetric density
w and the mass of the active substance m. If the DoH is indicated for
simplicity as x:

x(t) = my, (1)/ My, max = My, (O)/ (wm). 1)

The choice of a dimensionless variable is useful for comparing
different storage technologies. However, in the literature, the kinetic
equation is often described with different, non-dimensionless variables,
so care must be taken when comparing the numerical values of the
parameters used in these equations.

The dehydrogenation rate %, which corresponds to the reaction rate
and is thus a negative quantity as the hydrogen content decreases, is
related to the mass flow rate of hydrogen released by the reactor sy, ,
through the following equation:

iy, , = —WMX. 2)

The hydrogen storage system model includes a reactor, which con-
tains the active substance (MH or LOHC) and the heat exchanger
required to transfer heat from the HTF, connected to a control valve
through a hydrogen-filled volume (Fig. 1), representing the volume
available for gaseous hydrogen within the reactor and the connection
to the control valve. The valve is controlled to supply a constant mass
flow rate riny, 4 to the end user (the subscript , stands for discharged by
the system to the end user), acting on the pressure inside the reactor.
The corresponding constant rate of dehydrogenation is defined as:

Xy = —thy, 4/(wm) 3)

and coincides with the rate of dehydrogenation reached at steady-state
conditions (no accumulation of hydrogen inside the buffer).

The ratio of available hydrogen mass and constant mass flow rate
discharged to the end user represents the theoretical discharge duration
Tmax» that is, the time that would be required to fully discharge the
hydrogen storage system for a given value of discharged flow rate:

Tmax = mHz,max/mHz,d = (wm)/mHz,d = _l/xd' (4)

The actual discharge duration z is lower than . because in general
energy storage systems supply a decreasing share of stored energy
for increasing values of constant power output. This is confirmed for
hydrogen storage systems by the results presented in the following.
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2.1. Kinetics

2.1.1. Chemical storage

If hydrogen must be released through a chemical dehydrogenation
reaction, as in the case of LOHCs and ammonia, the reaction rate can
be expressed for a reaction of order n as follows [30]:

x = —kx()". %)

In general, the rate constant k depends on the catalyst used, the
temperature, and the pressure [23]:

X = —kq exp{—E,/(RT)} exp (—bp) x(1)". (6)

Here, k is the frequency factor (or pre-exponential factor) that depends
on the particular reaction considered and on the catalyst used; E, is
the activation energy that determines how temperature impacts the
reaction through the Arrhenius law; b is a pressure coefficient that
takes into account the effect of pressure on kinetics, which is relevant
when the number of moles of gaseous substances change as the reaction
proceeds, as is usually the case in dehydrogenation reactions.

2.1.2. Metal hydride storage

In the case of metal hydrides, how to model desorption kinetics is
still an open issue debated by scholars [31]. Several classical models
for reactions in the solid state have been considered, such as contract-
ing area, contracting volume, Prout-Tompkins, Johnson-Mehl-Avrami
(JMA) [30,32], and variations on these [31]. In general, the reaction
rate can be expressed as the product of an Arrhenius rate constant,
a limiting factor depending on operating pressure and equilibrium
pressure (which is discussed at the end of this section), and a factor
depending on degree of hydrogenation and reaction order [33]:

% = K(T) f(ps Peg)f (). @

It should be noted that the factor f, is not entirely independent of the
degree of hydrogenation, since the equilibrium pressure depends on
it, as shown by Eq. (10); this factor in most cases introduces either a
linear [34,35] or a logarithmic [29,36] dependence on pressure [33]. In
the case of JMA models, the degree of hydrogenation changes with time
according to x(f) = exp (—ki"), where the index of reaction » generally
can have the values 1.5, 2 and 3; thus, the reaction rate is given by:

x = knt"'x(@). ()]

However, in many practical cases the simple kinetic model obtained
with an index of reaction n = 1 has been found to provide reason-
ably accurate results, validated against experimental results [29,34,35].
Thus, in this paper the reaction rate of MHs has been evaluated as
follows [36]:

% = —kgexp{—E,/(RT)} og (p.,/p) x(1). ©

Therefore, the equation is very similar to that describing first-order
chemical reaction kinetics, Eq. (6), as it includes the same dependence
on a pre-exponential factor k, and on the Arrhenius’ law (it is not
exactly a first-order equation due to the slight dependence of the
equilibrium pressure on concentration, described in the following): the
difference lies in the logarithmic dependence on pressure, rather than
exponential. Moreover, in the case of MHs, the pressure coefficient is
replaced by a parameter with precise physical meaning: the equilibrium
pressure of MH p,,. In particular, the pressure driver for hydrogen des-
orption is related to the ratio of the equilibrium pressure to the system
pressure: the lower the latter is compared to the equilibrium pressure,
the higher the desorption rate, thus representing a thermodynamic
driving force for the reaction.

The Van’t Hoff law gives the equilibrium pressure as a function of
the variation in enthalpy AH and entropy AS due to the phase change
from the dehydrogenated substance (a-phase) to the hydride one (-
phase) [37], corrected to take into account both a slight increase in
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pressure as hydrogen concentration in the hydride increases, resulting
in a slight slope (¢,,;) of the PCT (pressure-concentration-temperature)
curve, and the hysteresis between hydrogen charge and discharge
operation quantified by the parameter ¢,

108 (Pog/Pros) = AH /(RT) = AS/R + gy (x = X,of ) + iy (10)

where p,, s is a reference pressure (usually 1bar) and x,, ;s the
concentration corresponding to the equilibrium pressure resulting by
the uncorrected Van’t Hoff law (usually 0.5). In the case of constant-
temperature processes, this equation can be written in a shorter form
that highlights the linear dependence of equilibrium pressure on hydro-
gen concentration:

10g (peq/pref) = A+¢51X (11)
where:
A=AH/(RT) = AS/R = dX,e; + Ppys- 12)

2.2. Mass conservation equation

The mass conservation equation states that the net flow of hydrogen
into the hydrogen volume, which is the difference between the rate of
hydrogen released by the reactor sy, , entering the buffer, Eq. (2), and
the constant discharged hydrogen flow rate ry, , leaving the bulffer,
must be balanced by the accumulation of hydrogen inside the hydrogen
volume V. Neglecting any change in volume of the storage material due
to the decreasing degree of hydrogenation, this leads to the following
equation:

V= =iy, , — 1y, g = —wm (X = %) 13)

where p is the density of gaseous hydrogen in the buffer volume, and
Egs. (2) and (3) have been used to write the rate of change in density
in terms of the rate of dehydrogenation.

In the pressure and temperature range that must be considered
for material-based hydrogen storage, hydrogen can be safely modelled
as an ideal gas, hence the relationship between density, pressure and
temperature is:

p=pRT /My, as

with My, = 2.016 g/mol being hydrogen’s molar mass.
By introducing the quantity:

Pmax = V/ (wm) (15)

and defining the dimensionless density y, = p/py., the mass conser-
vation equation can be rewritten in the following, dimensionless, way:

V== (x—%4). (16)

The quantity p,,,« represents the maximum density that could be ob-
tained if the entire amount of hydrogen stored in the system (equal to
wm) were released and confined within the available volume V.

2.3. Energy conservation equation

The energy conservation equation states that the change in inter-
nal energy of the system is the difference between the rate of heat
transferred by the HTF Qypy and the reaction heat rate Q,:

v . .
i Outr — O, an

Neglecting both the change in heat capacity of the system (C) due
to the change in degree of hydrogenation and the sensible enthalpy
of hydrogen with respect to the reaction enthalpy change, and taking
into account the heat transfer effectiveness ¢, the energy conservation
equation becomes:

ar _ . .
Cq =¢Cr (T; = T) + wmxAH 1s)
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where C; = i;c, is the HTF flow heat capacity and O, = wmxAH is
the reaction heat rate determined by the reacting mass flow rate, given
by Eq. (2), and the reaction enthalpy AH. This equation can be further
rearranged to highlight the following parameters: first, the temperature
time constant 7, defined as:

o =C/(eCy). 19

Second, the steady-state reaction heat rate Q,, corresponding to the
constant discharged flow rate riry 4:

0,4 = —ty, yAH = —wms,AH. (20)
Finally, the steady-state temperature difference §:
5=0,4/(C)) @1

that represents the temperature difference between HTF and reactor in
a constant-temperature discharge process with a constant rate of de-
hydrogenation x = x,. With these definitions, the energy conservation
equation is replaced by:

T =T, -T - 5x/%,. 22)

For the numerical solution of the equations system it can be useful to
replace the reactor temperature T with the variable 6, defined as:

0=T-(T;-3). (23)

This temperature-related variable is zero in a constant-temperature
discharge process with a constant rate of dehydrogenation. The energy
conservation equation can thus be written as follows:

0 =-0+6(1-%x/%,). (24)
2.4. Governing equations
In summary, the hydrogen storage system can be modelled through

the following system of three implicit Ordinary Differential Equations
(ODEs):

% = —kgexp{—E,/(RT)} f (p)x()" (25)
y,=—(x—%,) (26)
pf=-0+6(1-%/%,) 27)

where the pressure function appearing in the first equation is either
f(p) = exp(~bp) or f(p) =1log(p,,/p) for LOHCs and MHs, respectively,
and the reaction order » is equal to one for MHs.

2.4.1. Thermodynamic model parameters

Besides the parameters required by the kinetic model, discussed in
Section 2.1, the governing equations require three additional param-
eters: the maximum density p,,,,, defined by Eq. (15); the thermal
time constant 7, Eq. (19); the steady-state temperature difference 6,
Eq. (21).

The maximum density was chosen so that the pressure reached
inside the buffer if it contained the entire amount of hydrogen stored
in the system was 5MPa at reference temperature (25 °C), resulting in
Pmax = 4.07kg/m? calculated with the assumption of ideal gas.

The thermal time constant was set at 7; = 10s in line with previous
studies [38]; however, this parameter mostly affects the transient be-
haviour of the system and is almost irrelevant with respect to the total
discharged mass of hydrogen, which is the subject of this study.

The last parameter in the governing equations is the steady-state
temperature difference §. On the basis of its definition, it is directly
proportional to the discharged flow rate, so it must be changed accord-
ingly as the required flow rate varies. So, a value of §,,, = 15K was
chosen for the theoretical maximum rate of dehydrogenation, defined
later by Eq. (33), and the actual value was then obtained as:

6= (xd/xmax) brer- (28)
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2.4.2. Initial conditions

In the case of LOHCs, it was assumed that at the start of the
process the LOHC is full (for simplicity it is assumed that x, = 1 even
though in practical applications the degree of hydrogenation starts from
approximately 95%), and the reactor is in equilibrium with the HTF
(Ty = Ty = 6, = &) at the minimum pressure (py = py;,). The choice
not to consider a higher pressure level at the start of the process allows
the (small) contribution of the buffer to supply hydrogen on top of the
chemical reaction to be removed from the results, thus concentrating
the analysis on just the reactor.

It was assumed that at the beginning of the process, the reac-
tor is in thermal equilibrium with the HTF in the case of MHs as
well; however, the pressure inside the reactor must be the equilibrium
pressure resulting from the reactor temperature, given by Eq. (10),
leading to a non-negligible mass of hydrogen contained in the buffer
available for discharge (since p,,o > Pmin)- TO remove as much as
possible the influence of the buffer, it was assumed that the mass of
hydrogen required to reach the equilibrium pressure inside the buffer
is provided by the MH, which, as a consequence, does not start at full
hydrogenation (x, < 1). In particular, the increase in hydrogen density
at the start of the process, due to the reactor being at the equilibrium
pressure instead of the minimum pressure, is:

Ap = (Pego = Pmin) My, / (RTp) (29)

The corresponding hydrogen mass is obtained by multiplying by the
buffer volume: Am = V Ap. This mass is released by the MH with a
decrease in hydrogen concentration given by:

Ax = Am/(wm) = Ap/ppax- (30)

Hence, in the case of MHs the initial condition on the degree of
hydrogenation is:

xg=1l-4x=1- Ap/pmax =1- (peq,() _pmin) MHZ/ (RTO) . (3D
2.5. Performance indicators

The performance of material-based hydrogen storage system was
assessed by means of the following quantities:

 dimensionless power;

+ dimensionless discharged energy, or utilisation factor;
« specific power;

« specific energy.

The dimensionless power II is the ratio of the discharged flow rate
and the maximum possible flow rate, which, according to Egs. (6) and
(9), is obtained for a given temperature and a fully charged storage
medium (x, = 1), with the minimum possible pressure p,;,:

1= mHz,d /mHz,max = xd/xmax (32)
xmax = X(x = lvp = pmin)' (33)
The dimensionless discharged energy gives the amount of hydrogen

that the system can release in a constant-flow-rate discharge process
and is a function of the required flow rate:

e(H) = Ed /Emax = mHz,d /mHz,max = mH2,d/(wm)‘ (34)

The discharge process ends at the time r when the pressure can no
longer be decreased to compensate for the reduction in the degree of
hydrogenation, which reaches a final value x* = x(r) > 0. Therefore,
the dimensionless discharged energy is obtained as:

eIl)=1-x* (35)

which can also be interpreted as the utilisation factor for a given power
requirement: that is, the mass of hydrogen that can be effectively
delivered divided the total mass of hydrogen available in the storage
system. Given the constant rate of discharge, the discharged energy E,
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is proportional to the actual duration of discharge z, while the stored
energy E,.. is proportional to the theoretical duration of discharge
Tmaxs Dence, the utilisation factor is also given by the ratio of actual
to theoretical duration of discharge:

e(IT) = 7 /7y, (36)

The specific power P is defined as the rate of chemical energy
released per unit mass of active substance:

P = tig, 4 O /m = 1T titgg, o Opmv = —0 Qv ia 37)
where Opyy = 141.8MJ/kg = 39.38kWh/kg is hydrogen’s higher
heating value.

Finally, the specific energy discharged is the chemical energy that
the system can release per unit mass of active substance:

E(P) = my, ;Ouny/m = w Qupye(T). (38)

It is useful to verify that the specific energy-to-power ratio in the
case of full utilisation of the hydrogen stored in the system (e = 1)
coincides with the theoretical discharge duration, defined by Eq. (4):
E/P = —1/%; = 1,,,,. As a consequence, the theoretical discharge
duration, or the discharge duration coupled to the utilisation factor,
can be used to identify the power required by the end user once the
stored energy has been set:

pP= Emax/Tmax = eEmax/T' (39)
3. Results and discussion
3.1. Simplified model

The model presented in Section 2 includes the effects of reaction
kinetics, along with mass and energy conservation in the reactor,
resulting in the “full’ model described by Egs. (25)-(27). However,
the constant-flow-rate discharge process was first assessed by means
of a simplified model, consisting of just the kinetics Eq. (25), which
can be obtained from the “full’ model with the assumption of constant
temperature and a negligible effect of the capacitance of the hydrogen
volume (buffer). The simplified model is particularly useful as it makes
it possible to find an analytical solution representing the discharge
process and, hence, a closed-form equation for the Ragone plots, as
shown in this Section.

Thus, the model has been first simplified with the assumption
of a constant-temperature discharge and neglecting the capacitance
effect of the hydrogen volume. Under these assumptions, there is no
accumulation of hydrogen; hence, the rate of hydrogen released by the
reactor is instantaneously equal to the discharged flow rate:

iy, = gy g > X = X4 (40)

The required dehydrogenation rate is obtained by the control system
acting on the control valve to adapt the pressure inside the reactor
to the change in degree of hydrogenation, taking into account the
kinetics represented by Eq. (9) or (6) for MHs or LOHGCs, respectively.
In particular, the degree of hydrogenation decreases linearly with the
hydrogenation rate (x < 0):

x(t) =1+ xt 41)

and the reactor pressure must be decreased accordingly, by gradually
opening the control valve, to maintain the required flow rate, until
it reaches a minimum value p_;,, which in practice is equal to the
back-pressure set by the end-user equipment (under the assumption
of negligible pressure drop through the control valve at its maximum
opening).

In the case of the simplified model, the governing Egs. (25)-(27)
thus reduce to just the kinetic Eq. (25), which can be solved analyti-
cally, as shown in the next paragraphs.
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3.1.1. Metal hydrides

In the case of metal hydrides, the kinetic equation, Eq. (9), can be
manipulated to highlight the terms depending on pressure (which is
used to control the flow rate at a constant value) on the one hand and
hydrogen concentration on the other:

x = kp [K(p) + dgx(®)] x(1) (42)

where k; = kyexp{E,/(RT)}, and the following function of pressure
has been introduced:

K(p) = A—logp/p,.; = AH [(RT)~AS /R~ X, r +Ppys—10g p/Dyey. (43)

The assumption of a constant dehydrogenation rate (x = const.)
leads to a second-order algebraic equation in the unknown x(¢):

byx* + K(p)x — x/kp =0 (44)

which yields:

ko) ([ e
X0 = 2¢s,< Koy 1) “9

By introducing the following dimensionless quantity:

a(p) = ¢y /K(p) (46)

the degree of hydrogenation can be expressed as:

1 4a(p)x
= 1 -1]. 47
X0 2a(p><v Tk K®) ) @7

In the case of a negligible plateau slope (¢, — 0), the second-order
term vanishes and the solution is:

lim x(t)

X
- (48)
$51=0 kr K(p)

The maximum rate of dehydrogenation is obtained, for a given
temperature, at the start of the process when the system is fully charged
(xo = 1: in the case of the simplified model the hydrogen release,
Eq. (30), required to reach the equilibrium pressure in the buffer is
neglected), with the minimum pressure p.;, allowed by the control
system:

Xmax = kT (K(pmin) + ¢sl) = kTK(pmin) (1 + amax) (49)

where a,, = ¢i/K(Pmin) is the value of a(p) resulting from the
minimum pressure. Hence, the dimensionless equivalent power is given
by:
x o x
xmﬂx kTK(pmin) (1 + amax) .
Hydrogen can be discharged by the system as long as p > p;,, as it
is not possible to further increase the pressure driver of dehydrogena-
tion to compensate for the decrease in the degree of hydrogenation;
therefore, the final degree of hydrogenation x* = x(z) is obtained by
substituting a(p) = a,,,, and K(p) = K(p,;,,) in Eq. (47):

<\/1+4amax(1+amax)ﬂ—l> (51)

and the dimensionless equivalent discharged hydrogen results from
e=1-x*

I = (50)

=
" 2a

max

e(Ill)=1-

1
; (\/l+4amax(l+amax)17—l>. (52)

max

If the plateau slope is neglected:
lim0 el)=1-1I (53)
a* -

corresponding to the discharge of a first-order kinetic equation, as
demonstrated later. Since plateau slopes are generally low, in most
cases a,,, < 1 and the Ragone plot of MHs is very close to that
corresponding to first-order kinetics.
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Table 1

Material properties of LaNis, NEC, and DBT.
Parameter LaNig NEC DBT
Gravimetric density w/% [9,23,40] 1.8 5.8 6.2
Desorption reaction enthalpy change AH /(kJ/mol) [40] —30.1 - -
Desorption reaction entropy change 45/(J/(molK)) [40] —109.96 - -
Plateau slope ¢,, [36,41] 0.09 - -
Pre-exponential factor k,/s~! [23,36,39,41] 9.57 4.35 x 1010 3.36 x 10°
Activation energy E,/(kJ/mol) [23,36,39,41] 16.42 121.0 119.8
Pressure coefficient b/bar—! [22,23] - 1.397 0.0922

In the case of LaNis the properties related to equilibrium and kinetic
performance are summarised in Table 1. The equilibrium pressure at
25°C is p,, = 2.95bar, and setting p,;, = lbar, the quantities that
define the dimensionless discharged energy have the following values:
K (Ppin) = 1.083; k= 1.86 x 10735715 a,, = 0.0831.

3.1.2. LOHCs

The kinetic equation that can be taken into consideration for LOHCs,
Eq. (6), results in a much simpler expression of dimensionless energy
as a function of dimensionless power.

The maximum dehydrogenation rate is again obtained, for a given
temperature, at the start of the discharge process (x, = 1), with the
minimum pressure p,,;, allowed by the control system:

Xmax = kr exp (_bpmin) . (54)

The degree of hydrogenation is given by the following equation:

1/n

x(t) = [ . (55)

eeren]
kr exp (—bp)
The discharge process ends when the minimum pressure is reached,
with the following final degree of hydrogenation:

) 1/n
- )] = (%/kn) " = V" (56)

=

kT exp (_bpmin
so that the dimensionless discharged energy, corresponding to the
utilisation factor, is:

e(Il)=1-1"" (57)

The dimensionless Ragone plot for constant-temperature LOHCs
thus depends only on the reaction order. For example, both DiBen-
zylToluene (DBT) and N-EthylCarbazole (NEC) are characterised by
second-order kinetics [23,39].

3.1.3. Ragone plots

The dimensionless Ragone plot of MH and LOHC hydrogen storage
systems resulting from the simplified model is shown in Fig. 2, for first-
and second-order kinetics in the case of LOHCs. Since the dehydrogena-
tion rate depends on the degree of hydrogenation in all three systems,
the amount of discharged hydrogen decreases with the required flow
rate, and it tends to zero as the flow rate approaches its maximum
value, meaning that theoretically the maximum flow rate can only be
sustained for an infinitesimally short time.

The corresponding Ragone plots representing the specific energy,
resulting from Eq. (38), against specific power, given by Eq. (37), are
shown in Fig. 3 for an MH system based on LaNi; and for LOHC systems
based on NEC or DBT. The properties required to evaluate Ragone plots
are available in the literature and are listed in Table 1, together with the
sources from which they were derived. In the case of DBT, the pressure
coefficient b was estimated based on the reactor response to a change
in reactor pressure [22].

It is worth recalling that the specific power and energy derived from
Egs. (37) and (38) are calculated per unit mass of the active substance
and do not consider the entire mass of the hydrogen storage system:
therefore, the practical values of these quantities would be unavoidably
lower, and this is why the results presented in Fig. 3 are indicated as

O 1 1 1 1
0 0.2 0.4 0.6 0.8 1
11
Fig. 2. Dimensionless Ragone plot.
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Fig. 3. Representative Ragone plot of hydrogen storage systems based on LaNis, NEC
and DBT. Markers indicate the utilisation factors (O 80%; Hl 60%; ¢ 40%; % 20%).

theoretical. However, the additional mass on top of that of the active
substance affects both energy and power in the same way, meaning
that the Ragone plot would retain the same shape, only scaled towards
lower values.

The Ragone plot in Fig. 3 highlights some notable characteristics
of the hydrogen storage systems discussed here. In general, LOHCs
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can reach higher specific energy values than MHs due to the higher
gravimetric density w; however, the specific power (related to the
discharged mass flow rate per unit mass of active substance) has
similar ranges for the two storage options, since it is not affected by
the gravimetric density but by the kinetic properties of the reaction
involved. Clearly, the range of specific flow rates that can be obtained
by these storage systems depends on the kinetic properties of the
active substance and the reactor, which may differ even significantly
due to catalyst used, reactor configuration, etc. However, the order of
magnitude is reasonably identified by the Ragone plot.

More importantly, the Ragone plot highlights the range of energy-
to-power ratios, represented by the discharge duration 7z, which results
in acceptable levels of utilisation factors. In other words, the Ragone
plot suggests a threshold energy-to-power ratio below which it is
impossible to effectively use the hydrogen stored in the system, as
a substantial amount cannot be discharged in a constant-flow-rate
discharge process (it could be delivered only by reducing the flow rate
to the end user). With the parameters used to model LaNis properties,
represented in Table 1, the Ragone plot (Fig. 3) shows that a hydrogen
storage system based on this MH can operate with a utilisation factor
above 60% with energy-to-power ratios as low as 0.25h; instead,
LOHC-based systems appear to be more suitable for longer discharge
durations, with 25h and 2.5h required to achieve the same 60%
utilisation factor for DBT and NEC, respectively.

3.2. Full model

In the case of the full dynamic model, the system of governing
equations, Egs. (25)-(27), must be solved numerically, so the resulting
implicit ODE system was implemented in Matlab and solved with the
odel15i function. Figs. 4 and 5 show the resulting evolution over time
of a LaNis- and NEC-based hydrogen storage system, respectively, for
representative values of theoretical discharge duration.

The behaviour of the MH-based reactor (Fig. 4) is markedly in-
fluenced by the MH equilibrium pressure and the initial conditions
of thermal and mechanical equilibrium between MH and gaseous hy-
drogen. As the valve opens to start the constant-flow rate discharge
process, it is the buffer, rather than the desorption reaction, that
supplies most of the hydrogen, given the relatively high pressure and
the mechanical equilibrium that make the contribution of the pressure
driver in Eq. (9) irrelevant. Therefore, at the beginning of the process,
the rate of dehydrogenation starts with relatively low values and the
degree of hydrogenation does not decrease linearly (starting from an
initial value lower than one, as discussed in Section 2.4.2). However,
the buffer is soon depleted from excess hydrogen, so the reaction
rate must sustain almost the whole flow rate required (x =~ x,), and
the degree of hydrogenation decreases linearly; in the meantime, the
pressure must also decrease to a value that is suitably lower than the
equilibrium pressure to sustain the reaction. The process can continue
until the minimum pressure is reached.

The situation is different in the case of the LOHC-based reactor
(Fig. 5), due to the different assumptions regarding the initial condi-
tions and, most importantly, the different nature of the pressure driver
on the reaction kinetics that does not involve an equilibrium pressure.
Therefore, at the beginning of the process, there is a strong pressure
driver (py, = pmi,) and there is a relatively fast dehydrogenation, with
reaction rates even higher than those required by the discharged flow
rate (x, > x,), which not only supplies hydrogen to the end user, but
also fills the buffer, resulting in an increase in pressure that slows down
the reaction. After this transient, a dynamic equilibrium condition is
reached where the reaction rate meets the needs of the end user without
the help of the buffer; however, the pressure inside the buffer cannot
remain constant because the decrease in the degree of hydrogenation
must be compensated by a decrease in pressure to maintain a constant
reaction rate, as required by Eq. (6). The process continues until the
time instant r when the minimum pressure is reached: based on Fig. 5,
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Fig. 4. Constant-flow rate discharge process of a LaNis-based hydrogen storage system;
theoretical discharge duration r,,, = 0.5h (dimensionless power IT = 25.4%, utilisation
factor 74.4%).
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Fig. 5. Constant-flow rate discharge process of a NEC-based hydrogen storage system;
theoretical discharge duration 7, = 2.5h (dimensionless power IT = 23.6%, utilisation
factor 52.5%).

the required theoretical discharge duration of 2.5h clearly leads to a
quite inefficient use of the storage system, as it can operate at constant
power output only for just over 1.3 h, with a utilisation factor of 52.5%.

The Ragone plot obtained with the full model is represented, for
LaNis- and NEC-based systems, in Fig. 6, and compared to the analytical
results of the simplified model: the agreement between the two is
remarkable, meaning that the performance is mainly determined by
the kinetic equation, included in the simplified model, while the mass
and energy conservation equations play a less decisive role. The only
relevant divergence between the full and simplified model is observed
for MH-based systems at high specific power output, close to the
theoretical maximum: this is due to the mass of hydrogen that is
available for discharge in the buffer, thanks to the initial pressure
being higher than the minimum pressure. This mass can be released
by the system under any operating conditions because it is already
desorbed by the MH before the discharge process starts; however, there
is a relatively small amount of hydrogen in the buffer, which explains
why the two models diverge only at very high discharged flow rates.
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Fig. 6. Ragone plot of hydrogen storage systems based on LaNis; and NEC: comparison
between the analytical results obtained with the simplified model and the numerical
results of the full model.

Since the simplified and full model produce very similar results, the
same general remarks are still valid for the full model: low-temperature
MHs are characterised by lower specific energy values than LOHCs;
however, at least for the materials considered in this example, MHs can
be discharged more effectively (i.e. with a higher utilisation factor) over
a wider range of specific power, mainly due to the first-order kinetic,
providing utilisation factors up to approximately 80% for a discharge
duration as low as 0.5h.

The thermodynamic model parameters required by the governing
equations, introduced in Section 2.4.1, have only marginal effects on
the Ragone plot, as they mainly influence the system’s initial transient
thermal response, which lasts only for a fraction of the discharge
duration (see Figs. 4 and 5), and therefore negligibly affect how long
the system can sustain a constant-flow rate discharge process (clearly
this is not the case for the kinetic model parameters, which instead have
a significant impact on the Ragone plots, as discussed in Section 3.1).
However, this is true if the heat transfer process is effective enough
and the average temperature of the active mass is close enough to the
required value: this could be challenging in the case of MH reactors,
but several strategies to reach acceptable values of heat transfer ef-
fectiveness have been successfully modelled and tested, such as, for
example, using phase-change materials and metal foams [36]. The only
significant impact is related to the tail of the Ragone plots of MHs,
which depends on the gaseous hydrogen available in the buffer, as
proved by Fig. 7, which presents Ragone plots obtained with the full
model for different values of the buffer available to gaseous hydrogen
and hence for different values of the parameter p,,., which has been
halved or doubled with respect to the base case. Very similar results,
that is, almost indistinguishable Ragone plots, are obtained if the other
model parameters are varied within reasonable ranges.

It must be observed that the full model here presented is also the
result of a simplified analysis of reactor performance: in particular, it
does not consider the actual layout of the model, the several equa-
tions needed to calculate the heat transfer effectiveness, or the real
implementation of the control systems (the reactor pressure is here
considered as the only control variable, while HTF temperature and
flow rate could also be used [24]). As stated previously, it is nonetheless
useful as a minimal working model that allows to capture the most
relevant aspects of the discharge process in a simple yet effective way:
even though the results obtained with more complete models would be
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Fig. 7. Ragone plot of hydrogen storage systems based on LaNiy and NEC: influence
of hydrogen buffer volume. Continuous lines: base case; dotted lines: buffer volume
halved with respect to the base case; dash-dot lines: buffer volume twice the base
case.

slightly different, the Ragone plots described here are still useful as they
provide indications about the range of operating conditions that make
these hydrogen storage systems work efficiently. These operating condi-
tions depend mainly on the kinetics of the dehydrogenation/desorption
reaction, which means that the same storage material can produce even
significantly different results in terms of the energy-power relation if
the reactor parameters that affect the kinetics (e.g., catalyst properties
in the case of LOHCs, reactor layout) are changed. Moreover, practical
implementation could lead to additional or more severe constraints on
operating conditions: for example, the system is usually operated so
that the degree of hydrogenation does not change over the full 0-1
range, so the maximum flow rate is lower than the value predicted
by Eq. (33) because x, < I; or the back pressure set by the end user
results in a higher discharge pressure than p_;, = 1 bar. A final caveat
regarding the validity of the results presented in this paper is that the
specific energy and power are obtained per unit of active substance
mass, and this is why they were labelled as theoretical in Figs. 3, 6 and
7: as already noted previously, the total mass of the storage system is
obviously higher than that of just the active mass, and as a consequence
the Ragone plots of real material-based hydrogen storage systems are
shifted down and to the left because of the lower values of specific
energy and power.

4. Conclusions

Ragone plots are useful tools to describe the performance of energy
storage systems in terms of energy that can be effectively delivered to
an end user when it requires a constant power, and have been applied
in different fields, such as electrochemical, mechanical, thermal storage
systems. In this paper, Ragone plots of hydrogen storage systems have
been introduced, with reference to material-based hydrogen storage
such as MHs and LOHCs; the energy and power discharged by the
storage system are matched to the hydrogen mass and mass flow rate,
respectively, delivered to the end user and must be understood as the
chemical energy (or power) carried by hydrogen.

Analytical expressions of the Ragone plots were first derived for
these systems under the simplifying assumptions of a constant reac-
tor temperature and a constant rate of dehydrogenation. In the case
of LOHGCs, the discharged dimensionless energy depends only on the



M. Gambini et al.

dimensionless power and the reaction order characterising the dehydro-
genation kinetics; MHs exhibit a behaviour very close to the first-order
kinetics, with a correction related to the slope of the desorption plateau.
In terms of maximum specific energy, LOHCs are obviously favoured by
the higher gravimetric density, resulting in a theoretical specific energy
of 2-3 kWh/kg (chemical energy per unit mass of the active substance),
while low-temperature MHs are limited to 0.4-0.8 kWh/kg. However,
the second-order dehydrogenation kinetics of prominent LOHCs such as
DBT and NEC means that the utilisation factor (the amount of hydrogen
that can actually be delivered to the end user divided by the total
amount of hydrogen stored) decreases much faster than MHs with an
increase in specific power: acceptable values of the utilisation factor
are feasible only if the discharge duration remains above a few hours,
while it can be as low as 0.25h in the case of LaNis.

Once the above-mentioned simplifying assumptions are removed,
the numerical results obtained with the solution of the ODEs repre-
senting a minimal model of the storage system are very close to the
analytical expressions resulting from the simplified model, proving that
the system behaviour is mostly influenced by the reaction kinetics and
that the simplified model can identify the efficient range of applications
of a hydrogen storage system: LOHCs can sustain a specific power
approximately in the range 0.05-1kW/kg, with a discharge duration
of around 2-25h, depending on the kinetic performance of the partic-
ular LOHC considered; low-temperature MHs can work efficiently with
slightly higher values of specific power, up to around 2kW/kg, or a
discharge duration of the order of 0.25h.
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Heat transfer effectiveness

Nomenclature

a - MH-related dimensionless
coefficient

A - Coefficient for MH equilibrium
pressure evaluation

b 1/Pa Pressure coefficient

C J/(kgK) Heat capacity

C W/(kgK) Flow heat capacity

AH J/kg Reaction enthalpy change

AS J/(kgK)

Reaction entropy change

e Dimensionless discharged energy

E J (Chemical) energy

E, J/(mol K) Activation energy

ko 1/s Pre-exponential factor

K - Coefficient for MH equilibrium
pressure evaluation

m kg Mass

M kg/mol Molar mass

7] kg/s Mass flow rate

n - Reaction order

p Pa Pressure

4 w (Chemical) power

0 w Heat rate

R 8.3145 J/(mol K) Universal gas constant

t S Time

T K Temperature

U J Internal energy

|4 m?3 Gaseous hydrogen volume

X - Degree of hydrogenation, hydrogen
concentration

w - Gravimetric storage capacity

Greek letters
6 K

Steady-state HTR-reactor
temperature difference

K Temperature-related system

variable

1 - Dimensionless power

P kg/m?3 Density

s Time constant, or discharge

duration

¢ - Coefficients for MH equilibrium
pressure evaluation

Subscripts

0 Initial condition (r = 0)

d Discharged

eq Equilibrium

f Related to HTF

hys Hysteresis (related to MH
equilibrium)

r Reacted

sl Plateau slope (related to MH
equilibrium)

T Thermal

Acronyms

DBT DiBenzylToluene

DoH Degree of Hydrogenation

HHV Higher Heating Value

HTF Heat Transfer Fluid

LOHC Liquid Organic Hydrogen Carrier

MH Metal Hydride

NEC N-EthylCarbazole

ODE Ordinary Differential Equation
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