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A B S T R A C T

Liquid organic hydrogen carriers can store hydrogen for later release through dehydrogenation reactions. The
kinetic rate depends on the temperature, pressure, and hydrogen concentration itself, so it varies throughout
the discharge. As such, control systems are needed to meet the end-user power demand. An innovative plug
flow reactor coupled with two vessels is introduced and accurately sized. Multiple strategies are implemented
in a Matlab/Simulink model to test the efficacy of control methods based on pressure, temperature, and mass
flow rate. The results obtained with the simulations highlight a dramatic drop in performance (utilisation
factor lower than 80 %) associated with relatively high power demands (higher than 70 % in the case of
temperature control), whereas low demands are met with satisfactory degrees of utilisation under both pressure
and temperature control. Control over the mass flow rate of external fluid leads to lackluster results and should
only be chosen as an auxiliary controlled variable. Lastly, Ragone diagrams for pressure and temperature
control are presented and used to identify the optimal system sizing range: effective discharge duration should
be in the range 10–40 h with pressure control or 5–40 h with temperature control to achieve a utilisation factor
of at least 80 %.
1. Introduction

Hydrogen energy could play a significant role in the future due to
its versatility, as it could both allow decarbonisation in sectors difficult
to absorb (such as steel [1], copper [2] and cement production [3]),
and support the integration of variable renewables into the electric-
ity grid [4]. Forecasts show an increase in hydrogen uptake in the
energy mix from 0.05 % possibly reached in 2030, to about 5.00 %
by 2050, while accounting for even double these percentages in some
countries [5]. However, there are many open challenges to address
that require enabling measures to accelerate the growth of the green
energy market [6–8]. Some of these issues depend on the technology
readiness level of associated systems, such as electrolysers and fuel
cells [9,10], and alternative production methods result in different lev-
els of sustainability, cost, and energy efficiency [11]. In fact, emerging
techniques for green hydrogen production arise from many industrial
sectors [12]. Regulatory frameworks and standardisation will be re-
quired to help promote the diffusion of hydrogen technologies [13,14],
and hydrogen integration will require evaluations of techno-economic
effectiveness [15,16]. A key element in the development of innovative
hydrogen-reliant energy systems is hydrogen storage [17–19], although
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it introduces additional issues such as toxicity and low energy den-
sity [20]. The more traditional routes, compressed [21] and liquid
hydrogen [22], both have their own limits and disadvantages, and
alternative routes are necessary.

Liquid organic hydrogen carriers (LOHCs) can serve as a mate-
rial storage medium [23]. Storage is provided by the reversible sat-
uration of double carbon–carbon bonds, and dehydrogenation takes
place through progressive endothermic reactions. LOHCs are arguably
more competitive than traditional hydrogen storage solutions for long-
distance and large-scale applications [24].

To refer to the stored hydrogen content, a dimensionless parameter
is commonly introduced as the degree of hydrogenation (DoH) defined
as Eq. (1) [25]:

DoH = 𝑛H2
∕𝑛H2 ,max (1)

which enables a simplified schematisation of the effective reaction
taking place: instead of a multi-step reaction, only the fully loaded, and
unloaded compounds are usually accounted for [26].

Fig. 1 portrays LOHC’s integration with the electricity bus. First,
hydrogen has to be produced, ideally as green hydrogen from excess
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Fig. 1. Schematic view over the possible introduction of LOHC systems in more
complex energy systems.

energy of a renewable source. After going through exothermic satura-
tion of the double carbon–carbon bonds, the saturated LOHC is stored
until needed. While consumption in situ is an option, LOHC systems
could also be transported over long-distances.

The transport of hydrogen from its production plant to a terminal
LOHC refuelling station has been found to be cheaper than compressed,
liquefied, or pipeline hydrogen for long-distance, large-volume (more
than 20 000 kg/d) hydrogen demands [27], and can reach the lowest
levelised costs when considering the entire supply chain [28]. Conse-
quently, projects are being developed for large volumes of hydrogen
shipping overseas [29].

To satisfy the energy demand, LOHCs are dehydrogenated; reaction
kinetics requires high temperature, with heat being sunk from the
system, and low pressure levels [30].

Multiple carriers have been proposed over the years, and compar-
isons are still being made with respect to their thermophysical and
kinetic properties, toxicity, costs, etc. [31,32]. As hydrogen can only be
released providing heat at high temperatures, waste heat recovery [33]
and system integration strategies are key to achieving profitability [34,
35]. Techno-economic analyses point out that dehydrogenation heat
demand and loading costs must be addressed, and heterocyclic com-
pounds could lower such costs [36,37]. Among these compounds, a
prominent carrier is N-ethyl-carbazole [30,38,39]. Hetero-atoms con-
taining carriers are best suited for on-board dehydrogenation, however
their implementation still has to account for some notable drawbacks
such as high synthesis costs of the raw materials, and a relatively
high melting point which could make long-distance applications more
complex [32,40].

The high temperature favours both the equilibrium composition
of dehydrogenation and its kinetics, and the low pressure leads to
similar results, as a greater number of moles of gas are present on
the product side. However, the uncontrolled kinetic rate is also widely
variable, as dehydrogenation in most carriers follows a second-order
reaction trend [41], and as such it slows down quickly as the degree of
hydrogenation decreases [30,42]. Unless a control strategy is in place,
the system is thus unable to consistently meet the end-user demand.

Although control strategies to meet a well-defined power demand
have been extensively studied for metal hydrides [43–45], studies on
LOHC systems are mainly focused on the end user [26,42], with little to
no focus on the control system. Control strategies are better highlighted
by Geiling et al. where a PI controller is used to meet the target
power demand through pressure control [46]. However, the authors
focus on the dynamic fuel cell operation and not on the controllability
itself. Similarly, the effects of changes in pressure and temperature
on the release rate have been compared in terms of how quickly
the reactor adapts to the new setup [47]. Common designs are plug
flow reactors (PFRs) partially filled with a catalytic bed, yet providing
enough space for hydrogen discharge [42,48,49] but with cumbersome
layouts. Different designs have also been proposed [50], but are yet to
be used in simulations of complex energy systems.
376
This paper provides an innovative approach to LOHC-based sys-
tems, focusing on LOHC controllability and not on their integration in
complex energy systems. Alternative control strategies are studied and
compared for different power demands and implemented in an inno-
vative reactor design with a compact layout that allows intermittent
operation. The results obtained are therefore used both to graph Ragone
plots [51–53] so that the power demand levels are associated with the
maximum energy that can be released at any given rate, and also to
provide sizing guidelines to grant adequate energy densities.

As such, controllability is defined in terms of the capability of the
system to meet the target demand over an extended period. Rather
than accounting for time-spans, which would be affected by the power
level required (i.e. for a given size in terms of energy content, greater
power demand are intrinsically related to a lower time duration),
performances are evaluated looking at the lower hydrogenation level
at which the system can still meet the demand.

2. Methods

A simple closed-loop tubular PFR equipped with two vessels, de-
scribed by the simplified layout represented in Fig. 2, is first simulated
and optimised in Matlab, and then the model is replicated in Simulink
with an appropriate geometric configuration as input. Multiple control
strategies are implemented and tested for an increasingly high con-
stant power demand. The released hydrogen flow rate is controlled by
means of PI controllers acting alternatively on three different controlled
variables: reactor pressure (Fig. 2(a)), Heat Transfer Fluid (HTF) inlet
temperature, or HTFmass flow rate (Fig. 2(b)). Power demand values
are defined using the maximum hydrogen discharge rate as reference
(defined in Section 2.2.1), so that the final results are size-independent.
N-Ethyl-Carbazole (NEC) is selected as the carrier, and its kinetic
parameters are taken from a previous work [30]. Thermophysical
properties are modelled with group contribution methods for organic
liquids and mixtures, based on 12H-NEC and 0H-NEC molecules [54].

As LOHC dehydrogenation can be modelled as follows [30]:
𝜕DoH
𝜕𝑡

= 𝑘𝑐𝑎𝑡 ⋅ 𝑓 (𝑇 ) ⋅ 𝑔(𝑝) ⋅ 𝑧(DoH) (2)

with Arrhenius-like temperature dependence, an exponential pressure
dependence, and a DoH dependence in the form of a power law, differ-
ent carriers (and catalysts) while modelled similarly require different
coefficient values. As such, the proposed model and analysis can be
applied to any carrier, however numerical results may change [26,30].
Overall, adapting the model to a new carrier would only require
changing the kinetic law coefficients, and the reaction heat value.

2.1. Reactor

Different reactor designs have been examined. The proposed layout
is described in Section 2.1.1: it was selected because of its compactness
and intrinsic potential for continuous and discontinuous operation. The
equations required to model the reactor and its vessels are shown in
Section 2.1.2, and grid convergence is tested in Section 2.1.4. Lastly,
the simulation parameters are summarised in Section 2.1.3.

2.1.1. Description
The proposed design consists of a tubular PFR half-filled with a

catalytic bed [42] through which the LOHC is released from one of
the adjacent vessels, while the other (passive) is filled by the reactor
outlet, and it is assumed that hydrogen is collected above the reactor
itself without hindering the reaction. When the feeding (active) vessel
is finally empty, the passive vessel switches to the active mode, and
vice versa. The flow is reversed in the reactor as relatively high DoH
LOHC is fed from the opposite side.

This configuration allows for a wider design freedom: the energy
content of the system can easily be correlated to the LOHC volume,
however, reactor diameter and length are not uniquely defined. For a
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Fig. 2. Simplified layout of the hydrogen storage system with flow rate control.
Fig. 3. Reactor’s design schematic representation. Vessel 1 and 2 alternates operation
mode, switch from active to passive and vice versa at each new turn.

given overall volume (energy content) and a fixed reactor length, the
greater the hydrogen content of the vessels, the smaller the instanta-
neous power release as a reduced mass flow rate crosses the reactor. A
shift towards lighter vessels increases the volume of the tubular reactor,
and for a given length implies a higher power release. However, in this
design, it is not necessary to set the length of the reactor: assuming
isothermal kinetics, the residence time in the reactor can be quantified
for given values of final (DoH𝑓 ) and initial (DoH0) degree of hydro-
genation. This requirement can be applied to any combination of the
LOHC velocity 𝑣𝐿, the reactor length 𝐿, and the turn number 𝑛 that
satisfies Eq. (3).

𝜏𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑛𝐿∕𝑣𝐿 (3)

The multitude of parameters available to achieve the desired reactor
performance make this layout a promising alternative to more tradi-
tional designs. The layout used for this paper was chosen so that high
heat transfer efficiency, low pumping power loss, and compact volumes
are all achieved. Design parameters could be optimised to better tune
reactor performance; however, this step was deemed unnecessary for
the purpose of this article.

A simplified design is proposed in Fig. 3, with vessel 1 acting as the
active vessel in the picture. Simulations were performed starting with a
totally empty passive vessel. Both vessels are kept at the design temper-
ature during the discharge process; in fact, only a small percentage of
additional heat must be supplied compared to the much higher energy
content required to keep the reactor near the desired operating point.

2.1.2. Mass and energy balance
Mass and energy balance have been written and implemented for

the reactor and the active and passive vessel. More specifically:
377
Fig. 4. Generic integration element for the tubular reactor. The flow directions are
chosen with respect to odd turns.

• Active vessel: Eq. (4) represents the energy balance, with the
first member representing the variation in internal energy (with
respect to the specific heat capacity of the LOHC mass content
and its derivative, and the LOHC temperature and its derivative),
while the right side features the energy flux related to the outlet
flow (�̇�𝑣,𝑎) and the heat to supply to keep a constant tempera-
ture over time, with respect to the enthalpy and kinetic energy
content.

𝑐𝑙𝑚𝑣,𝑎
d𝑇𝑣,𝑎
d𝑡

+ 𝑐𝑙𝑇𝑣,𝑎
d𝑚𝑣,𝑎

d𝑡
= �̇�𝑣,𝑎 − �̇�𝑣,𝑎

(

𝛥ℎ +
𝑣2𝑣,𝑎
2

)

(4)

Eq. (5) then accounts for the mass balance, with the outlet mass
flow rate �̇�𝑣,𝑎 defined by Eq. (6) having set the desired discharge
time (𝑡𝑣) for the vessel.
d𝑚𝑣,𝑎

d𝑡
= −�̇�𝑣,𝑎 (5)

�̇�𝑣,𝑎 = 𝑚𝑣,LOHC−∕𝑡𝑣 (6)

It should be noted that 𝑡𝑣 is constant throughout discharge, since
its definition is based on dehydrogenated LOHC (LOHC−) only,
assuming that the LOHC vapours are negligible. Lastly, Eq. (7)
accounts for the variation of the hydrogen content in the active
vessel over time; as no reaction takes place inside the vessel,
DoH𝑣,𝑎 is constant during discharge for a given turn.

d𝑚H2
𝑣,𝑎

d𝑡
= −𝑤%DoH𝑣,𝑎�̇�𝑣,𝑎 (7)

• Passive vessel: similar to the active vessel model, Eq. (8) accounts
for the energy balance, but this time the mass flow rate enters the
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vessel. Eq. (9) represents the mass balance with the index 𝑖, which
refers to the discretisation of the reactor, defined as 𝑖 = 1 during
odd turns when a scheme like the one in Fig. 3 is deployed as
initial configuration, and 𝑖 = N during even turns.

𝑐𝑙𝑚𝑣,𝑝
d𝑇𝑣,𝑝
d𝑡

+ 𝑐𝑙𝑇𝑣,𝑝
d𝑚𝑣,𝑝

d𝑡
= �̇�𝑣,𝑝 + �̇�𝑖

⎛

⎜

⎜

⎝

𝛥ℎ +
𝑣2
𝑜𝑢𝑡,𝑖

2

⎞

⎟

⎟

⎠

(8)

d𝑚𝑣,𝑝

d𝑡
= �̇�𝑖 (9)

A more compact and useful definition of 𝑖 is Eq. (10), with
coefficients 𝑐1 and 𝑐2 defined in the next paragraph dedicated to
the reactor.

𝑖 = 𝑐1 ⋅𝑁 + 𝑐2 ⋅ 1 (10)

Eq. (11) accounts for the hydrogen mass balance, while this time
the vessel DoH has to be evaluated over time as Eq. (12) since
transient behaviour is expected at the start of every new turn,
and as such DoH𝑖 is not constant throughout the whole turn.

d𝑚H2
𝑣,𝑝

d𝑡
= −𝑤%DoH𝑖�̇�𝑖 (11)

DoH𝑣,𝑝 =
𝑚H2
𝑣,𝑝

𝑚𝑣,𝑝𝑤%
(12)

• Reactor: having divided the tubular reactor into different control
volumes, as shown in Fig. 4, Eq. (13) represents the energy
balance in each reactor control volume, where the terms on the
right side represent the external heat rate provided through HTF
(Eq. (14)), the reaction heat rate (Eq. (15)), and the net energy
flux (Eq. (16)).

𝑐𝑖𝐿𝑚
𝑖 d𝑇 𝑖

d𝑡
+ 𝑐𝑖𝐿𝑇

𝑖

(

d𝑚𝑖

d𝑡
−

d𝑚𝑖
𝑟

d𝑡

)

= �̇�𝑖
𝑓 + �̇�𝑖

𝑟 + �̇�𝑖
𝑚 (13)

�̇�𝑖
𝑓 = �̇�𝑓 𝑐𝑓 𝜀(𝑇𝑓 − 𝑇 𝑖) (14)

�̇�𝑖
𝑟 = �̇�𝑖

H2 ,𝑟
(−𝛥𝐻𝑟 + (𝛥𝑢𝑖H2

− 𝛥ℎ𝑖H2
)) (15)

�̇�𝑖
𝑚 = �̇�𝑖

𝑖𝑛

(

𝛥ℎ𝑖−1 + 𝑣𝑖−1,2

2

)

− �̇�𝑖
𝑜𝑢𝑡

(

𝛥ℎ𝑖 + 𝑣𝑖,2

2

)

(16)

Eq. (14) requires the definition of the heat exchanger effec-
tiveness (𝜀), calculated using Eqs. (17)–(18) based on the NTU
approach where the latter is evaluated with respect to the heat
exchange surface times the overall heat transfer coefficient by the
HTF heat capacity, and is then used to evaluate the heat transfer
effectiveness.

𝜀 = 1 − exp(−NTU) (17)

NTU =
𝑈𝐴ℎ𝑒𝑥
�̇�𝑓 𝑐𝑓

(18)

The definition of the overall heat transfer coefficient 𝑈 , Eq. (19),
depends on the thermal conductivity 𝜆 of the reactor wall and the
convective heat transfer coefficients of LOHC and HTF (𝛼𝐿, 𝛼𝑓 ).

𝑈 =
(

1
𝛼𝑓

+
𝐷2 log (𝐷2∕𝐷1)

2𝜆
+

𝐷2
𝐷1

1
𝛼𝐿

)−1
(19)

Dixon and Cresswell relation [49] are chosen to evaluate the
carrier Nusselt number Nu𝐿 through the catalytic bed, Eq. (20),
while the Gnielinski and Blasius equations provide Nu𝑓 for the
HTF in Eqs. (21)–(22).

Nu𝐿 = 0.523
(

1 −
𝑑𝑝

𝐷ℎ𝑦𝑑,𝐿

)

Pr0.33𝐿 Re0.738𝐿 (20)

𝑓 = 0.3164Re−0.25𝑓 (21)

Nu𝑓 =
𝑓
8
(Re𝑓 − 1 × 103)

Pr𝑓

1 + 12.7
√

𝑓
(

Pr2∕3 − 1
)

(22)
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The reaction heat rate, Eq. (15), depends on the amount of
hydrogen released, which can be expressed as in Eq. (23), having
assumed a constant pressure level throughout the length of the
reactor, and having separated the actual kinetic term (on the
right) depending on the reaction by a scale factor, given by the
LOHC mass multiplied by the gravimetric energy density of the
fully hydrogenated LOHC.

�̇�𝑖
𝑟 = (𝑤%𝑚

𝑖) ⋅
[

𝑘0 exp
(

−𝑏𝑝 −
𝐸𝑎

𝑅𝑢𝑇 𝑖

)

DoH𝑖2
]

(23)

Lastly, Eq. (16) features the contribution of the mass flow rate
from the inlet and outlet due to its enthalpy and kinetic energy
content. The velocity is estimated with Eq. (24)–(25), depending
on the filled cross section and the mass flow rate leaving the
element (�̇�𝑖

𝑜𝑢𝑡) evaluated as in Eq. (26).

𝛺𝑖 = 𝑚𝑖∕
(

𝜌𝑖𝐿𝑑𝑧
)

(24)

𝑣𝑖 = �̇�𝑖
𝑜𝑢𝑡∕

(

𝜌𝑖𝐿𝛺
𝑖) (25)

�̇�𝑖
𝑜𝑢𝑡(𝑡) = �̇�𝑖

𝑖𝑛(𝑡 − 1) − �̇�𝑖
𝑟 (26)

Finally, the inlet mass flow rate (�̇�𝑖
𝑖𝑛) corresponds to either the

vessel outflow, or the adjoining element outlet mass flow rate. To
maintain a consistent grid element numbering throughout both
operating modes (Section 2.1.1), the coefficients 𝑐1 and 𝑐2 are
introduced in Eq. (27) and defined as follows:

𝑐1 = mod [𝑗𝑡𝑢𝑟𝑛, 2]

𝑐2 = mod [𝑗𝑡𝑢𝑟𝑛 + 1, 2]

so that during odd turns 𝑐1 is unitary and 𝑐2 is null, and vice versa
during even turns.

�̇�𝑖𝑛 =
[

�̇�𝑣,𝑎, �̇�𝑜𝑢𝑡(1 ∶ 𝑁 − 1)
]

⋅ 𝑐1 + 𝑐2 ⋅
[

�̇�𝑜𝑢𝑡(2 ∶ 𝑁), �̇�𝑣,𝑎
]

(27)

Furthermore, the Colebrook equation, Eq. (28), is used to provide an
stimate of the friction factor (𝑓 ) required to assess the pressure drop,
q. (29), and then the dissipated power Eq. (30).

1
√

𝑓
= −2 log

(

𝜖𝑡𝑢𝑏𝑒
3.7𝐷ℎ𝑦𝑑

+ 2.51
Re

√

𝑓

)

(28)

𝛥𝑝𝑙𝑜𝑠𝑠 = 𝑓 𝐿
𝐷ℎ𝑦𝑑

𝜌𝑣2

2
(29)

𝑃𝑝𝑢𝑚𝑝 = 𝛥𝑝𝑙𝑜𝑠𝑠�̇�∕𝜌 (30)

2.1.3. Design parameters
The LOHC mass inside the storage system has been calculated with

the assumption of feeding a solid oxide fuel cell, operating with a 45 %
average efficiency (based on the higher heating value of hydrogen),
producing 50 kWh of net electric energy: the required hydrogen mass
is 𝑚H2

= 2.821 kg, which is made available by a NEC mass 𝑚𝐿 resulting
from Eq. (31), taking into account its theoretical gravimetric density,
𝑤 = 5.84%, and the minimum and maximum values of DoH, which
are listed in Table 1 together with the other parameters used to design
the storage system. Dowtherm Q has been selected as the HTF, and its
properties are taken from CoolProp [55].

𝑚𝐿 =
𝑚H2

𝑤
(

DoHmax − DoHmin
) = 64.40 kg (31)

It should be noted that the total hydrogen mass 𝑚H2 ,𝑡𝑜𝑡 that is poten-
tially available for discharge is greater than 𝑚H2

, which is limited by the
lower and upper limits considered on the degree of hydrogenation. If
such constraints are removed, and a theoretical discharge from DoH = 1
to DoH = 0 is considered, the total mass of hydrogen available becomes:

𝑚H ,𝑡𝑜𝑡 = 𝑤𝑚𝐿 =
𝑚H2 . (32)
2 DoHmax − DoHmin
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Table 1
Design, kinetic, and thermodynamic parameters used for the simulations.

Parameter Value Unit Ref.

Available H2 mass (𝑚H2
) 2.821 kg –

LOHC mass (𝑚𝐿) 64.40 kg –
Design temperature (𝑇𝑑𝑒𝑠) 473.15 K [30]
Design pressure (𝑝𝑑𝑒𝑠) 1.50 bar [56]
Initial hydrogen content (DoHmax) 0.95 – [42]
Final hydrogen content (DoHmin) 0.20 – [42]

NEC properties

Gravimetric density (𝑤) 5.84 % –
Activation energy (𝐸𝑎) 121×103 kJ∕mol [30]
Pressure coefficient (𝑏) 1.397 1∕bar [30]
Frequency factor (𝑘0) 2.609×1012 1∕min [30]
Reaction enthalpy (𝛥𝐻𝑟) 50.6 kJ∕molH2

[40]

HTF properties (reference values)

Inlet temperature (𝑇𝑓 ) 473.15 K –
Velocity (𝑣𝑓 ) 0.58 m∕s –
Mass flow rate ratio (𝑓𝑥) 1.00 – –

Miscellaneous design properties

LOHC velocity (𝑣𝐿) 0.10 m∕s –
Vessel emptying time (𝑡𝑣) 240 s –
Reactor mass ratio (𝑓𝑟) 0.20 – –

With the parameters listed in Table 1, the total hydrogen mass 𝑚H2 ,𝑡𝑜𝑡
is 3.761 kg.

The parameters 𝑓𝑟, defined by Eq. (33), 𝑡𝑣, defined by Eq. (6), 𝑓𝑥,
defined by Eq. (34), 𝑣𝐿 and 𝑣𝑓 are chosen to satisfy effectiveness, sizing,
and power constraints expressed in the following.

𝑓𝑟 = 𝑚𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑡0)∕𝑚𝑡𝑜𝑡(𝑡0) (33)

𝑓𝑥 = �̇�𝑓∕�̇�LOHC− (34)

These parameters are respectively associated to:

• 𝑓𝑟 is the ratio of the reactor LOHC content to the system overall
LOHC content ratio, so that higher values lead to a greater amount
of LOHC in the reactor at any given time, thus making the scale
factor in Eq. (23) greater, and the released mass flow rate higher;

• 𝑡𝑣 is the time required to empty the vessel, which is proportional
to the LOHC inlet speed: the faster it is for a given length, the
lower the residence time so that limited dehydrogenation takes
place;

• 𝑓𝑥 is the ratio between the inlet HTF and LOHC mass flow rate:
increasing this value leads to a higher heat capacity and can
reduce temperature drop across the reactor;

• 𝑣𝐿 and 𝑣𝑓 are the LOHC and HTF velocity: an increase in any of
these variables leads to higher heat transfer coefficients, with 𝑣𝐿
factoring in the residence time, affecting how much the carrier is
dehydrogenated for a given turn.

More specifically, the system parameters were chosen so that the
pump power required to overcome the pressure losses, Eq. (30), is lower
than a threshold defined as the 1.00 % of the minimum net power
supplied by the reactor, Eq. (35).

𝑃𝑝𝑢𝑚𝑝,max = 1% × 𝑓𝑟 ⋅ (𝑤%𝑚LOHC− ) ⋅
[

𝑘0 exp
(

−𝑏𝑝𝑑𝑒𝑠 −
𝐸𝑎

𝑅𝑢𝑇𝑑𝑒𝑠

)

DoH2
min

]

(35)

With this constraint in mind, design parameters were selected to both
provide high heat transfer effectiveness, no lower than 95.0%, and to
lead to a compact enough design.

2.1.4. Convergence
Simulations were performed for an increasing number of grid el-

ements until convergence. Fig. 5 shows trends for both the required
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operation time 𝜏, Eq. (36), and the relative error derived assuming
𝑛𝑧 = 200 as reference, Eq. (37). The system converges with about 160–
200 elements. The simulated setup had a 𝑓𝑣 factor of 0.20 that led to
such a high 𝜏. Repeated simulations for different design parameters
returned the same results; as such, 𝑛𝑧 was set to 180.

𝜏 = 𝑡, such that: DoH(𝑡) = 0.2 (36)

rel. err.(𝑛𝑧) =
|𝜏200 − 𝜏𝑛𝑧 |

𝜏200
(37)

.2. Control system

A control system has been implemented to control the hydrogen
ass flow rate to a desired target value �̇�𝑡, defined in Section 2.2.1:

hen different scenarios of power demands are tested with three alterna-
ive control strategies, defined in Section 2.2.2. It should be noted that
he mass flow rate and power demands (meaning the power generated
y the end user of the hydrogen flow rate) are strictly correlated
hrough Eq. (38), where 𝑃𝑡 indicates the target power and 𝜂 the end-
ser efficiency, and as such these terms are used interchangeably in this
aper.

𝑡 = �̇�𝑡HHV𝜂 (38)

Similarly, the HTF mass flow rate is directly related to velocity, as
hown by Eq. (39) where 𝛺𝑓 denotes the cross section available to
he HTF; so, the mass flow rate and velocity control are used in the
ollowing as synonyms, although velocity control has a secondary effect
s explained in Section 2.2.2.

̇ 𝑓 = 𝜌𝑓𝛺𝑓 𝑣𝑓 (39)

A simple PI controller has been chosen, as only constant demands
re being tested and controllability performances are not affected by
he controller but only by the physical constraints over the controlled
ariables, and the kinetic law itself.

Studying more complex solutions, multiple variables could be con-
rolled at once, however this article is meant as a general sizing guide.

hile some control strategies could be intrinsically related (mainly
ass flow rate and temperature control), the end-user could or could
ot be able to meet the specifications (for instance, temperature control
ould be limited by the upper temperature bound). As such, only single
ariable controls have been modelled: if more complex solutions are
vailable, controllability is either extended, controlled variables are put
nder a reduced strain, or both. An exact quantification of such results
equires the definition of an end-user type, and is thus beyond the
cope of this article. Therefore, each control strategy has been tested
eparately, while setting the others to a constant value as indicated by
able 1.

.2.1. Target definition
Instead of a quantile-based approach [39], to provide a more in-

uitive reference, the discharge targets are defined with respect to the
aximum possible dehydrogenation rate, leading to a maximum flow

ate �̇�H2 ,max defined by Eq. (40) that occurs when the system is fully
harged (DoH = DoHmax), the temperature is the design temperature
= 𝑇𝑑𝑒𝑠 and with the minimum value of the back pressure.

̇ H2 ,max = 𝑓𝑟(𝑤%𝑚LOHC− )
[

𝑘0 exp
(

−
(

𝑏𝑝min +
𝐸𝑎

𝑅𝑢𝑇𝑑𝑒𝑠

))

DoH𝑛
max

]

(40)

or the input parameters shown in Table 1, this value is �̇�H2 ,max =
.19 g∕s. Consequently, the target flow rates are rewritten with respect
o the maximum mass flow rate as in Eq. (41).

̇ 𝑡 = 𝑓𝑡�̇�H2 ,max (41)

o lead a size-independent analysis, data are than presented in terms
f the target scale factor (𝑓𝑡), with a maximum value of 𝑓𝑡 = 1 when
̇ coincides with �̇� . Theoretically, the system should be able
𝑡 H2 ,max
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Fig. 5. Operation time for a 0.95–0.20 DoH discharge and its relative error.
o meet this scenario requirement only for an infinitesimally small
eriod; however, range variability for each control variable can extend
ontrollability over time.

Real applications could require some degree of load modulation;
owever, LOHC discharge capability is only related to DoH, temper-
ture, and pressure levels for a given system. As such, if a non-constant
emand has to be met, the bottleneck is not given by the LOHC,
ut by the end-user itself (turbines, fuel cells, and so on). A solid
xide application undergoing load reduction from 100%–50% has been
odelled and it returned good performances [42]. However, for sizing

pplications, different loads do not introduce any significant change,
ee Section 3.3.

.2.2. Control strategies
The selected control variables are:

• Pressure (𝑝): it has a direct influence over the reaction rate
and the released rate �̇�𝑟 as seen in Eq. (23). The higher the
pressure, the slower the release, whereas low pressure favours
dehydrogenation according to experimental data [57] and the Le
Chatelier principle.

• HTF inlet temperature (𝑇𝑓 ): the released mass flow rate �̇�𝑟
changes according to, again, Eq. (23); however, an indirect in-
fluence is introduced since the actual control variable is the HTF
temperature, so the LOHC temperature changes due to Eqs. (13)–
(14). The higher the temperature, the faster the reaction; how-
ever, lower temperature levels might also hinder the release
acting on the equilibrium concentrations of the endothermic
reaction.

• HTF velocity (𝑣𝑓 ): similarly to 𝑇𝑓 , 𝑣𝑓 indirectly influences �̇�𝑟
through Eqs. (13)–(15). Unless a 𝑇𝑓 lower than the carrier temper-
ature is set, higher values favour a higher 𝑇 𝑖 and, consequently,
faster release. Although the primary effect of 𝑣𝑓 is on the mass
flow rate through Eq. (39), and therefore the heat capacity in
Eq. (14), a secondary effect is introduced in 𝜀. However, unless
low values of 𝑣𝑓 are required, which reduce ℎ𝑓 and result in
less effective heat transfer, this effect is mostly negligible, as an
already high heat transfer effectiveness is expected.

Limiting upper and lower bounds for each variable range were selected
380

as follows.
• Pressure: pressure inside the reactor must not drop lower than
1.0 bar to avoid additional measures to work below the environ-
ment pressure level; on the other hand, 𝑝 cannot be higher than
5.0 bar above which different storage systems might be better
suited.

• Temperature: the lower bound is set to the thermodynamic refer-
ence temperature of 298.15 K; conversely, the thermal stability of
the carrier itself imposes a maximum acceptable temperature of
500.15 K [58].

• Velocity: a minimum value of 𝑣𝑓 = 0.0m∕s was chosen to simulate
the lack of HTF mass flow rate, while the upper threshold is
set to 1.25 m/s, according to the optimisation constraint on the
maximum pumping power required, Eqs. (35)–(30).

Such limits influence the performance of each control system and could
be subject to further discussion. This is especially true with respect to
the temperature upper bound, as the availability of high-temperature
sources is already the greatest weakness of LOHC systems, and the
issue of thermal stability is still mostly neglected in many studies.
Regardless of their exact value, the proposed ranges of variability are
representative of the actual realistic control range for each variable.

3. Results and discussion

The layout proposed in Section 2.1 has been first simulated without
the control system, and the final results are presented in Section 3.1.
The controllability performances are then tested with a Matlab/Simulink
model, having provided custom blocks to account for the kinetics and
thermodynamics equations that describe both the reactor and the two
vessels; the results are discussed in Section 3.2. The switch between
active and passive operation mode for each vessel is implemented in
Stateflow, based on the time instant when the active vessel is com-
pletely empty (every 𝑡𝑣). Lastly, the Ragone diagrams are presented in
Section 3.3.

3.1. Uncontrolled system

In this section, the dynamic response of the uncontrolled system is
discussed with reference to the total DoH of the storage system, which
is defined in Eq. (42), and compared to the DoH of the two vessels.

DoH𝑡𝑜𝑡(𝑡) =

∑𝑁
𝑖=1 𝑚

H2
𝑖 (𝑡) +

∑2
𝑗=1 𝑚

H2
𝑣,𝑗 (𝑡) (42)
𝑚𝐿𝑂𝐻𝐶− ,𝑡𝑜𝑡𝑤%



International Journal of Hydrogen Energy 62 (2024) 375–388M. Gambini et al.

t

i
c
t
a
t
A
a
(

c

Fig. 6. Hydrogenation degree of the two vessels and the whole system over time, zoomed to better highlight how the system works on the right, and overall DoH and release
rends on the left.
The results for the uncontrolled system are thus presented in Fig. 6
n terms of DoH𝑡𝑜𝑡 and each vessel’s DoH. Design parameters have been
hosen so that the whole system, while displaying different properties
hroughout its components and length, has similar DoH in the reactor
nd vessels alike. As a matter of fact, this is a consequence of the many
urns needed to fully discharge the LOHC, and the small reactor length.
s such, temporal variations are more marked than spatial variations,
nd to better understand the trends, a zoomed plot of the first 15 turns
60min with 𝑡𝑣 as in Table 1) is represented in Fig. 6.

At every time, one of the vessels acts as the active vessel, and, as a
consequence, its DoH is constant until its mass content is null. Mean-
while, the other vessel is in passive mode: its mass content increases
while the DoH is overall decreasing, and it goes through a first drop
due to LOHC with higher reaction time entering it, and a consequent
phase in which the DoH settles to some level as the transient effect of
the operation mode switch wears off. The drop is actually due to the
change in DoH associated with �̇�𝑣,𝑎. Different values of 𝑡𝑣 and reactor
length would influence the balance between these two phases.

Meanwhile, total DoH has a smooth trend with the degree of hy-
drogenation in the active vessel DoH𝑣,𝑎 serving as its upper limit. As
discharge proceeds, DoH𝑡𝑜𝑡 becomes closer to the DoH in the passive
vessel: LOHC content in the active vessel decreases, and an increasing
amount of LOHC has already passed through the reactor for long
periods of time. Just after the switch DoH𝑡𝑜𝑡 is actually slightly lower
than both vessels. This is because the active vessel DoH is set to the
DoH level just before the switch takes place, which is an averaged value
(Eq. (12)) that accounts for the two alternating phases highlighted just
before. As such, the DoH in the adjacent elements to this vessel is
lower than the new DoH𝑣,𝑎, which was kept high by the initially higher
degrees of hydrogenation of the entering carrier. On the other hand, as
it changes direction, the now passive vessel is fed by LOHC that had
just been fluxed by it and has a high DoH level. It follows that the
minimum DoH is not initially located at the adjacent elements of the
passive reactor, so the overall DoH is lower than that of both vessels.
The small length of the reactor keeps this phase very brief.

It should be noted that the discharge process described above
requires the HTF to supply heat to the system, as indicated by Eq. (14);
furthermore, in the configuration here proposed, each vessel is kept
at a constant temperature 𝑇𝑑𝑒𝑠. Fig. 7 shows the composition of heat
onsumption by comparing the rate of heat transferred by the HTF (�̇�𝑓 )
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with additional heat demands, namely: LOHC preheating and vessel
heating. These last two items are grouped into the ‘‘Others’’ category,
which is then analysed in the inner chart.

While vessel heating refers to the heat provided to keep the tem-
perature constant at 𝑇𝑑𝑒𝑠 in both vessels during operation time, and
is evaluated from Eqs. (4)–(8) having set the temperature derivatives
equal to zero, and then summing and integrating over time both heat
demands, LOHC preheating takes place before the beginning of the
operation.

Fig. 7(a) differs from Fig. 7(b) due to different preheating initial
conditions. In Fig. 7(a) less heat is required because the starting tem-
perature is hypothesised to coincide with the hydrogenation reaction
temperature. For NEC-based systems, this value is around 433 K [30].
As such, a 40K 𝛥𝑇 is required. While this condition allows for a
reduced heat consumption, it supposedly implies local use of the stored
hydrogen.

On the other hand, ambient temperature was assumed as the start-
ing condition for Fig. 7(b). The resulting preheating consumption is
much higher but allows for long-distance dispatch of the stored en-
ergy content. However, it should be noted that actual consumption
would likely be less than evaluated, since NEC is solid at ambient
temperature [59], making transport at low temperature unlikely.

However, both cases are representative of the heat composition.
This is mainly due to reactor heating and, more specifically, is mainly
required to compensate for the reaction heat rate �̇�𝑟, Eq. (15). The total
heat consumption is around 72.4–75.6 MJ for the best- and worst-case
scenarios, respectively, compared to about 71 MJ of the absorbed 𝑄𝑟.
These values are obtained for a 50 kWh system, so heat consumption ac-
counts for more than 40 % of the energy content. Such figures reinforce
the notion that a LOHC-based energy system can only be profitable
when waste heat is used to reduce the heat demand. Furthermore,
the reaction heat released during hydrogenation should be harvested
to increase profitability; however, even if all this heat source were
stored, it could only cover some of the LOHC preheating heat demand
(assuming a starting temperature lower than the one in Fig. 7(a)), since
heat would be released at a lower temperature than desired.

3.2. Controlled system

Controllability results are here presented for each controlled param-
eter, distinguishing between low (𝑓𝑡 ≤ 0.5) and high (𝑓𝑡 > 0.5) power

demand.
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Fig. 7. Heat consumption composition distinguishing between reactor heating (HTF heat) and other sources (pre-heating, and vessels heating).
.2.1. Pressure control
Fig. 8 shows the performance of a pressure control system for values

f power fraction 𝑓𝑡 in the range 0.10–0.50. Fig. 8(a) shows the change
n DoH and the released mass fow rate over time: as long as the
ystem can satisfy the constant power demand, DoH decreases linearly.
ig. 8(b) instead shows how the reactor pressure must change over
ime: the operating pressure must initially be increased to hinder the
elease process, as the high DoH allows for high dehydrogenation rates,
s indicated by Eq. (23); then the operating pressure must decrease
o compensate for the progressive reduction in DoH as hydrogen is
eleased by the LOHC. Once the operating pressure is reduced to its
inimum possible value, which depends on the back pressure of the

nd user (assumed here to be 𝑝min = 1 bar), the power demand cannot be
ustained and the system is no longer controllable: it can further supply
ydrogen only if the power demand is reduced. Therefore, a utilisation
actor 𝑒 can be introduced to measure the amount of hydrogen supplied
o the end user against the available hydrogen stored in the system;
he utilisation factor can also be interpreted as a dimensionless useful
nergy delivered by the system. The utilisation factor is defined in the
ollowing equation, where 𝜏 is the discharge duration, corresponding
o the time instant when the system is no longer able to supply the
equired flow rate, and 𝑚H2 ,𝑢 is the hydrogen mass that the system
ctually delivers to the end user for a given power demand:

=
∫ 𝜏
0 �̇�𝑟 d𝑡
𝑚H2

=
𝑚H2 ,𝑢

𝑚H2

. (43)

The release curves in Fig. 8(a) highlight a good response of the
ystem to the lowest demand (𝑓𝑡 = 0.10), as the system can maintain

the required power demand over the whole DoH operating range.
As demand increases, the operating time decreases due to physical
constraints: since the energy content of the system is constant, the
theoretical operating time is intrinsically lower; however, the lower
bound over the controlled variable is not low enough to ensure the
required power demand for low values of DoH, so that, for example, if
the end user doubles the power demand, the operating time decreases
by a higher factor. As a result, a fraction of hydrogen cannot be supplied
at high power demand (it could only be released by decreasing the flow
rate), leading to a utilisation factor, defined as the hydrogen delivered
at constant power divided by the available hydrogen, which decreases
as the power demand increases. Finally, it is worth noting that the
upper bound defined in Section 2.2.2 is actually higher than required;
this is beneficial as it lowers costs. If a higher pressure were needed, a
more efficient way to satisfy the demand might be to lower the system
temperature.

When hydrogen demand is high, as in Fig. 9 where the power
fraction 𝑓𝑡 ranges in the interval 0.60–1.00, controllability is limited,
and the utilisation factor decreases further. Fig. 9(a) highlights that the
target can only be met for a high DoH, as pressure cannot be adequately
lowered to match the desired �̇�𝑡 (Fig. 9(b)). As long as the reactor pres-
sure can be changed accordingly to match the demand, the DoH trend
382
is linear. Subsequently, the performance of the uncontrolled system is
followed and �̇�𝑟 decreases with DoH2, as indicated by Eq. (23). In these
cases, pressure still has to be raised initially with the exception of the
0.90 and 1.00 power fraction values, as a pressure drop is required even
in the early stages.

3.2.2. Temperature control
Similarly to pressure control, temperature control performances are

highly influenced by power demand. Again, only a demand as low as
𝑓𝑡 = 0.10 (Fig. 10) leads to a full discharge (DoH𝑓 ≤ 0.20). An increase
in the power fraction 𝑓𝑡 results in a decrease in controllability and
the utilisation factor. A final DoH of almost DoH = 0.10 is reached in
Fig. 10(a) for the lowest demand, while higher values do not match the
power target for the entire operating time. However, the final DoH is
lower than the equivalent results in a pressure-controlled environment.
A significant temperature drop (𝛥𝑇 ≥ 20K) is first required for the
𝑓𝑡 = 0.10 and 0.20 scenarios, with a minimum temperature level of
440 K (Fig. 10(b)). Other case studies still have a temperature drop,
but it is far more moderate. As such, it could be beneficial for the
system to set a design operating point to lower temperature for the
lowest power demand scenarios, resulting in a slight reduction in heat
consumption. It must be noted that temperature 𝑇 represented here is
the mass-averaged temperature throughout the length of the reactor.

In contrast, high demands can only be satisfied for a limited time pe-
riod (Fig. 11) and result in a higher final DoH. Fig. 11(a) shows a drop
in expected performances and a final DoH as high as ≈0.47 is reached
for the highest demand. Outside of the controlled regime, the mass flow
rate has the typical trend of the uncontrolled system (Section 3.1). As
such, a transient due to the switch between different operational modes
is followed by a steady release. This alternating trend is also required
by the controlled variable, whose value in Fig. 11(b) has an increasing
trend throughout almost the whole operating time. Controllability is
lost as the upper bound is reached.

3.2.3. Velocity control
The performance that can be achieved by controlling the flow rate

through the HTF velocity (and consequently the HTF mass flow rate) is
described in Figs. 12–13 for low and high power demands, respectively.

Unlike the pressure and temperature control strategies presented
in Sections 3.2.1–3.2.2, in which satisfactory results are achieved for
low demands, the lower bound of velocity can only prevent heat to
be supplied to the reactor: in other words, in these scenarios, the
HTF velocity cannot slow the reaction down enough. Therefore, the
power fractions 𝑓𝑡 in the range 0.10–0.20 are never reached, with the
goal 𝑓𝑡 = 0.20 only reached at the end of the simulation time (after
400min), and with a DoH already below 0.60 (Fig. 12(a)). Therefore,
their velocity profile is the same (Fig. 12(b)), since no HTF mass flow
rate is required to have a temperature drop low enough that the kinetic

rate slows down to the desired level. Raising 𝑓𝑡 to 0.30 allows reaching
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Fig. 8. System performances with pressure control for 𝑓𝑡 ranging from 0.10–0.50.

Fig. 9. System performances with pressure control for 𝑓𝑡 ranging from 0.60–1.00.

Fig. 10. System performances with temperature control for 𝑓𝑡 ranging from 0.10–0.50.
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Fig. 11. System performances with temperature control for 𝑓𝑡 ranging from 0.60–1.00.

Fig. 12. System performances with HTF velocity control for 𝑓𝑡 ranging from 0.10–0.50.

Fig. 13. System performances with HTF velocity control for 𝑓𝑡 ranging from 0.60–1.00.
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the target but only after about 80min, which is a consistent time delay
compared to pressure and temperature control systems. The 0.40–0.50
power fraction values are met much earlier; however, controllability is
lost for still high DoH levels, even as still great controllability margins
are allowed for 𝑣𝑓 , because low demands result in low temperature
rops and as such increasing the HTF heat capacity is ineffective in
egulating the discharge. Because the control strategy is so ineffective,
scillations can easily be observed and would require the introduction
f an intermediate hydrogen buffer to smooth them.

On the other hand, higher demands can only be met very briefly
r not at all, as shown in Fig. 13(a), as 𝑓𝑡 = 0.60 results in a final
oH above 0.70. As the required reaction rate is relatively high, the

eaction heat rate �̇�𝑟, Eq. (15), must be balanced by the heat rate �̇�𝑓
provided by the HTF, Eq. (14). Thus, Fig. 13(b) shows a much tighter
correlation between velocity changes and controllability time, despite
a still residual possible control over 𝑣𝑓 that does not lead to significant
control enhancement over the release rate.

3.3. Ragone diagrams

The performance of the control systems acting through the reactor
pressure and the HTF inlet temperature is represented in the Ragone
diagrams shown in Fig. 14. In Fig. 14(a), both axes are normalised: the
power demand is expressed in terms of the power fraction vaues 𝑓𝑡,
q. (41), and as such can only vary between 0 and 1; the energy con-
ent, on the other hand, can be higher than unity since it is normalised
hrough Eq. (43), where the upper threshold for the numerator is the
otal hydrogen content, Eq. (32), while the denominator is the available
ass of hydrogen 𝑚H2

in a discharge process taking into account the
inimum and maximum design values of the degree of hydrogenation.

Fig. 14(b), on the other hand, shows the specific chemical energy �̃�
elivered to the end user against the specific chemical power demand
̃ , which are defined with reference to the total LOHC mass available
n the storage system as follows:

̃ = 𝑚H2 ,𝑢HHV∕𝑚𝐿 (44)
̃ = �̇�𝑡HHV∕𝑚𝐿 (45)

he maximum energy-to-power ratio represents the theoretical dis-
harge duration 𝜏max of the storage system, while the actual duration 𝜏
epends on the effective amount of energy discharged, and hence it is
he product of utilisation factor and theoretical discharge duration [60]:

̃ ̃
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max = 𝐸max∕𝑃 = 𝑚H2
∕�̇�𝑡 (46)
= �̃�∕𝑃 = 𝑚H2 ,𝑢∕�̇�𝑡 = 𝑒𝜏max (47)

The Ragone diagram representing specific quantities (Fig. 14(b))
llows the identification of an effective range of discharge duration
esulting in utilisation factors above 80 %: in the case of the control
ystem relying on HTF temperature, this range is approximately 5–40 h,
hile for pressure control it is around 10–40 h. However, it is important

o recall that the ratio 𝑓𝑟 of the LOHC mass within the reactor and the
total stored LOHC mass, Eq. (33), directly affects these values and, in
particular, the specific power: since only the mass within the reactor,
equal to 𝑓𝑟𝑚𝐿, contributes to the reaction, an increase in 𝑓𝑟 obviously
leads to a corresponding increase in specific power and a decrease in
discharge duration. For example, doubling the ratio 𝑓𝑟 halves the value
of 𝜏 corresponding to the same utilisation factor, meaning that the
system is more suitable for relatively high power demands compared
to the energy stored. In other words, the highest specific power and
the fastest discharge duration are obtained with 𝑓𝑟 = 1, representing
a storage system without vessels and the entire LOHC mass directly
contained in the reactor: in that case, the specific power and discharge
duration would be five times higher and lower, respectively, than in
the case analysed in this paper, as found in a previous paper by the
authors, where a simplified reactor and only pressure control was
considered [60].

As discussed in Section 3.2, low values of power requirements allow
for a deep discharge: this is beneficial in terms of compactness and
energy density. As normalised power demand increases, the amount
of hydrogen that can be effectively discharged decreases, leading to a
reduction in the utilisation factor. This effect can be seen as a reduction
in the energy density of the system, since the desired mass flow rate
can only be provided for high values of DoH, and at lower values
the system is unable to feed the end-user. Temperature control has
better performances: controllability is both higher and more consistent.
However, to reach a utilisation factor of at least 80 % of the standard
storage capacity, the normalised power demand 𝑓𝑡 must be lower than
70 % and 30 % for temperature and pressure control, respectively.

In the case of a load that changes with time, these graphs have
to be read as follows. Given a control strategy (e.g. pressure) and a
normalised power demand with a given maximum (e.g. 𝑓𝑡,max = 0.6),
the system can follow the dynamic load completely only until the
normalised energy delivered level falls to the level corresponding the
maximum power demand (in this case, 𝑒 ≈ 0.55 corresponding to
𝑓𝑡,max = 0.6 in Fig. 14(a)). Afterwards, lower loads can still be met ef-
fectively, while at higher loads the system is beyond controllability: the

lower pressure bound has been met, so no further control is achievable,
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and the hydrogen release follows the uncontrolled system unloading
associated to that pressure and temperature level, until the load falls
back to suitably low values, compatible with the current storage level.

4. Conclusions

This paper presents a newly introduced plug flow reactor design
coupled with two vessels to allow for discontinuous operation and
reduced length. Such reactor is put in a LOHC-based storage system
subjected to three alternative control strategies, and coupled with
increasingly higher power demands.

Different control systems have been tested to control the mass
flow rate of hydrogen released by the reactor, simulating different
levels of constant power demand required by an end user. Control
systems act separately on either the reactor pressure, the HTF inlet
temperature, or the HTF inlet velocity. The controllability of the system
is assessed by means of the effective operating time during which the
reactor can supply the required flow rate, which allows the definition
of a utilisation factor. Both temperature and pressure control systems
demonstrate great controllability with low power demand. Although
the performance of the pressure control decreases rapidly as demand in-
creases, the temperature control is more consistent. However, a power
demand greater than 70 % the reference value would lead to unsatis-
factory values of the utilisation factor. These results are used to plot
Ragone diagrams to highlight these performances; moreover, the results
show that these hydrogen storage systems can be effectively used in
applications with discharge durations approximately in the range 5–
40 h if the mass of LOHC within the reactor is 20 % of the total mass
of LOHC stored in the system.

On the other hand, the heat transfer fluid mass flow rate is inad-
equate to lead reaction rate control and should only be used coupled
with other controlled variables.

This paper aims to share an innovative view of LOHC systems,
focusing on controllability margins, comparing controlled variable al-
ternatives, and providing a sizing guide when coupling a LOHC system
with end-user demand.

Nomenclature

𝐴ℎ𝑒𝑥 m2 heat exchange surface
𝑏 1∕bar pressure coefficient
𝑐 kJ∕(kgK) specific heat capacity
𝑐1 – binary turn-based coefficient

[1: during odd turns, 0:
during even turns]

𝑐2 – binary turn-based coefficient
[1: during even turns, 0:
during odd turns]

𝐷 m diameter
𝑑𝑝 m catalyst particle diameter
𝑒 – dimensionless (normalised)

energy
𝐸 kJ energy
𝐸𝑎 kJ∕molH2

activation energy
�̇�𝑚 kW total energy flow rate
𝑓 – friction factor
𝑓𝑟 – reactor mass ratio
𝑓𝑡 – target factor
𝑓𝑥 mass flow rate ratio
𝐻𝑟 kJ∕kg reaction enthalpy
ℎ kJ∕kg specific enthalpy
𝑗𝑡𝑢𝑟𝑛 – turn number
𝑘0 min frequency factor
𝑚 kg mass
𝑁 – number of grid elements
𝑃 kW power
𝑝 bar pressure
386
�̇� kW rate of heat transfer
𝑅𝑢 8.3145 kJ∕(kmolK) universal gas constant
𝑇 K temperature
𝑡 s time
𝑡𝑣 s vessel discharge time
𝑢 kJ∕kg specific internal energy
𝑣 m∕s velocity
𝑈 kW∕(K m2) overall heat transfer

coefficient
𝑤% – gravimetric storage capacity
Greek letters
𝛼 kW∕(K m2) convective heat transfer

coefficient
𝛥𝑝𝑙𝑜𝑠𝑠 Pa pressure drop
𝜀 – heat transfer effectiveness
𝜖𝑡𝑢𝑏𝑒 m tube roughness
𝜂 – efficiency
𝜆 kW∕(K m) thermal conductivity
𝜌 kg∕m3 density
𝜏 s discharge duration
𝛺 m2 cross section
Subscripts
0 initial
1 heat exchanger inner wall
2 heat exchanger outer wall
𝑑𝑒𝑠 design
𝑓 heat transfer fluid
ℎ𝑦𝑑 hydraulic
𝑖 generic element index
𝑖 last reactor element index in

a given turn
𝑖𝑛 inlet flow rate
𝐿 liquid organic hydrogen

carrier
max maximum
min minimum
𝑜𝑢𝑡 outlet flow rate
𝑝𝑢𝑚𝑝 pumping
𝑟 reaction-related
𝑡 target
𝑢 end user
𝑣, 𝑎 active vessel
𝑣, 𝑝 passive vessel
Acronyms
DoH Degree of Hydrogenation
HHV Higher Heating Value
HTF Heat Transfer Fluid
LOHC Liquid Organic Hydrogen

Carrier
NEC N-Ethyl-Carbazole
Nu Nusselt number
PFR Plug Flow Reactor
Pr Prandtl number
Re Reynolds number
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