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� Liquid Organic Hydrogen Carriers release hydrogen at highly variable flow rates

� Flow rate control systems are required to meet end-user demand

� Control variables: discharge pressure, thermal fluid inlet temperature and flow rate

� Heat transfer fluid inlet temperature provides the most effective control

� Very good controllability expected with synergic pressure and temperature controls
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a b s t r a c t

Liquid Organic Hydrogen Carriers (LOHCs) feature a highly variable rate of hydrogen release

if held at constant pressure and temperature, but in real-life applications hydrogen release

must be controlled to match end-user demand. The aim of this paper is to provide an overall

assessment of LOHC systems’ controllability, within a general framework regardless of the

specific application field. Hydrogen discharge can be controlled through the reactor pressure

and temperature; thus, a PI controller is introduced acting on three control variables inde-

pendently: discharge pressure; thermal fluid inlet temperature; thermal fluid mass flow rate.

A quantile analysis is performed on the uncontrolled hydrogen release: practical values of

the energy-to-power ratios for LOHC systems are 2e6 h. A normalised release time is

introduced to assess the efficiency of the control system. Temperature control leads to the

best results, with an efficiency higher than 90% for the entire load range, while pressure

control leads to satisfactory performance only at low loads. The mass flow rate control is the

least effective, with efficiencies always below 80%. Sensitivity analysis highlights the tem-

perature control strategy as the best fit to enhance controllability across the whole power

range. Pressure control presents a more variable trend.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

The need to reduce carbon emissions is driving a paradigm

shift in power production. The International Energy Agency
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forecasts a 2400 GW growth in renewable power capacity over

the 2022e2027 period [1]. Increasing by 10% points, renew-

ables are expected to become the largest source of global

electricity generation. The new installed capacity will be
ica.guarnaccia@students.uniroma2.eu (F. Guarnaccia), michele.

ergy Publications LLC. This is an open access article under the CC BY-NC-ND

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:gambini@ing.uniroma2.it
mailto:federica.guarnaccia@students.uniroma2.eu
mailto:michele.manno@uniroma2.it
mailto:michele.manno@uniroma2.it
mailto:vellini@ing.uniroma2.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2023.05.153&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2023.05.153
https://doi.org/10.1016/j.ijhydene.2023.05.153
https://doi.org/10.1016/j.ijhydene.2023.05.153
http://creativecommons.org/licenses/by-nc-nd/4.0/


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 5 1 ( 2 0 2 4 ) 3 2 9e3 3 9330
mainly due to solar photovoltaic andwind technologies, while

dispatchable renewables, such as bioenergy and hydropower,

will still be limited. As such, there is a growing need for

additional power sources to increase the flexibility of the

system. Demand-side management can lower storage re-

quirements; however, electricity networks can only account

for spatial but not temporal balancing. Flexible energy gen-

eration routes and alternative energy storage solutions are

needed to counteract wind and solar intermittency [2].

For this purpose, Power-to-X has emerged as a pathway to

make use of excess renewable conversion. Green fuels and

chemicals are thus produced for subsequent dispatch, even

allowing for decarbonisation in hard-to-abate sectors [2,3].

Power-to-hydrogen (P2H) may provide grid balancing services

and long-term storage, accounting for variations in the power

supply from wind and solar technologies [4]. As such, it could

play a key role in increasing the share of Renewable Energy

Sources (RES) in the power sector [5]. Clean hydrogen pro-

duced from RES could also be used as feedstock as a green

precursor for ammonia and methanol [4,6]. Hydrogen pro-

duction constitutes themain cost element of P2H: by 2035, the

levelized costs of green hydrogen production technologies are

expected to be around 3.2e4.8GBP/kg [7] mainly due to CAPEX

expenses [8]; however, green hydrogen could be economically

competitive with fossil fuel-derived hydrogen by 2030 in re-

gions with abundant and inexpensive renewable electricity

[9].

Hydrogen must be stored and distributed to a variety of

applications in a fully developed decarbonised energy system

based on P2H and Hydrogen-to-X technologies [10]. Despite a

high energy density when compared to its mass (120.0 MJ/kg

[11]), its low volumetric density (0.084 kg/m3 at normal pres-

sure and temperature) requires a process to increase the

storage density, considerably adding to the final cost.

Compression is currently the cheapest option (about 0.5GBP/

kg [7]), but also provides the lowest density improvement:

density is about 40.0 kg/m3 at 700 bar and 288 K [12]. The other

traditional route is liquid hydrogen (LH2), which is currently

being evaluated as a potential vector in the transportation

sector [13]. With respect to gaseous hydrogen, its density is

about 80% higher: 70.8 kg/m3 at 1 atm and 20 K [14]. However,

LH2 is expensive (forecast at about 1.9GBP/kg by 2035 [7]) and

is thus mainly used in special applications where high-purity

hydrogen is needed (such as rocket fuel or chip-making in-

dustry). Moreover, due to boil-off, up to 15% of the stored

hydrogen can be lost daily [15] in relatively small refuelling

stations (100 kg/d of hydrogen delivered). Liquid Organic

Hydrogen Carriers (LOHCs) are one of the most promising

alternative options to compressed or liquefied hydrogen [16],

and are considered a potential enabler of P2H technologies in

the long term [10]. Even if a continent-wide system of

hydrogen pipelines is considered to transport hydrogen from

production facilities [17], other means to store and transport

hydrogen are necessary to reach unconnected end-use loca-

tions. Conversion of LOHCs should add an additional 0.9GBP/

kg to the P2H chain (compared to the 1.4GBP/kg increase

related to the conversion of ammonia [7]), but higher volu-

metric densities are allowed.

LOHCs can be divided into two main categories: (1) homo-

cyclic compounds: first introduced as simple aromatic
compounds such as benzene and toluene in the early 1980s,

most research now mainly focuses on cycloalkanes and

polycyclic alkanes [18]; (2) heterocyclic compounds such as O-

containing molecules (such as ester/alcohol pairs) and N-

containing molecules (such as N-heterocyclic compounds)

[19]. The introduction of a heteroatom into the carbon ring

reduces both the reaction enthalpy and the dehydrogenation

temperature; however, a reduced storage capacity is expected

with respect to its corresponding all-carbon counterparts

[18,20].

LOHCs can be used for long-term storage without energy

losses and transported over long distances, repurposing the

existing oil infrastructure and easing the transition to the

hydrogen economy. In fact, most LOHCs are safe and easy to

handle and their physical properties resemble those of diesel

[21]. The chemical and physical properties of ideal carriers

have been studied [22,23], also with reference to toxicity [24]

and the thermodynamic properties of the reversible hydro-

genation/dehydrogenation reactions [25,26]. Dibenzyltoluene

(DBT) [27,28] and N-ethylcarbazole (NEC) [29,30] are currently

the most researched compounds, showing promising poten-

tials for both large-scale energy transport and energy storage

[31].

The weakest point of LOHC technologies is, by far, the need

to supply energy to drive the dehydrogenation process, which

potentially makes up the greatest cost component. If this

energy requirement could be lowered, LOHCs could offer

lower levelised costs of conversion and storage [7]. To do so,

the reaction heat to fuel the dehydrogenation process must

come from recovery heat: end-user demand and hydrogen

release must be optimally integrated [32,33].

The heat demand to dehydrogenate the carrier is highly

variable over time if no control strategy is implemented. This

fluctuation is due to the dependence of the reaction rate's
concentration on the reactants. Even if constant pressure and

temperature conditions could be granted, the release process

would gradually slow as more hydrogen has been discharged.

At first, a high amount of hydrogen is released quickly, and

then the process continues at a slower and steady pace for a

medium to low Degree of Hydrogenation (DoH). For example,

assuming operation from an initial DoH of 0.95 to a final DoH

of 0.20 [34] the second-order release rate of NEC becomes 95%

slower [35].

Since the reaction rate of dehydrogenation reactions de-

pends on hydrogen pressure and temperature [35], strategies

to control the otherwise highly-variable hydrogen flow rate

must rely on either pressure or temperature control. Metal

Hydrides (MHs) are characterised by a similar dependence of

hydrogen release on pressure and temperature, although the

pressure dependence follows, in this case, a Van't Hoff law

[36]: therefore, the research conducted on MH systems can be

a reference for devising control strategies applied to LOHC

systems.

Currently, very few studies in the literature deal with how

to control the hydrogen release from a LOHC system, and

these studies refer to specific applications without discussing

general controllability properties. For example, Bollmann

et al. investigate the dehydrogenation of a LOHC using the

exhaust gas of a methane-fuelled porous media burner and

controlling the reaction through the temperature of the unit

https://doi.org/10.1016/j.ijhydene.2023.05.153
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by means of a PID controller acting on the burner [37]. A PI

controller is implemented in another study to control the

current generated by a Proton Exchange Membrane (PEM) fuel

cell acting on the hydrogen release pressure [38], while in

another study, hydrogen release is controlled through reactor

temperature and LOHC pumping rate [39].

In contrast, control strategies for MH systems have been

widely analysed and discussed. Cho et al. developed a

comprehensive general approach to these control systems,

taking into account the influence of the initial pressure,

temperature and flow rate of the circulation water, the overall

heat transfer coefficient and the volume fraction of the bed on

the discharge rate. A PID controller was set in place to follow a

periodic step function, and the controllability range was

estimated in terms of operating time with respect to the

control variables' set values [40]. The design of a predictive

controller model of multiparametric types for MH reactors

was also carried out and presented as a general framework

[41]. A neuro-fuzzy PID control system was applied to an MH

reactor, deploying a conventional PID control and a back-

propagation learning mechanism [42]. Through step changes

in the voltage input, a dynamical response in terms of the

reactor's temperature and pressure is achieved with no over-

shoot and a reduced rising timewith respect to a conventional

PID controller. Later, a fuzzy PID control systemwas evaluated

again with great emphasis on the control system design [43].

The similarity in the reaction rate equation between LOHCs

and MHs makes it possible to devise control strategies for

LOHC systems following the approach used in the previously

mentioned studies onMH control systems. Therefore, the aim

of this paper and its novel contribution to the literature is to

provide an overall assessment of the controllability of LOHC

systems acting within a general framework regardless of the

specific application field. In particular, the control system is

applied to a batch reactor with NEC used as the hydrogen

carrier; the batch reactor is designed and modelled with a

lumped-parameter approach devised by the authors [44].

Alternative control strategies are compared under different

working conditions in terms of controllability time, that is, in

terms of how long the system can supply the required

hydrogen flow rate, which is ameasure of the actual efficiency

of the storage system under different loads. Research on the

performance of control systems highlights the operational

constraints of this technology. Relevant information on the

controllability range and the energy-to-power ratio is deduced

independently from the system size by scaling a constant

power demandwith respect to the uncontrolled release trend.

Such a general approach is meant to serve as a preliminary

guide for matching LOHC storage systems to specific appli-

cations, depending on the availability of controllability op-

tions and power demand.
Table 1 e Parameters defining the reaction rate (Eq. (3)).

Parameter Value

k0/s
�1 4.35 � 1010

b/bar�1 1.397

Ea/(kJ/mol) 121
Methods

Kinetic and thermodynamic model

LOHC systems rely on endothermic dehydrogenation re-

actions to release hydrogen. For a given catalyst, the reaction

rate is determined by the concentration of the reactants and
the thermodynamic conditions in terms of pressure and

temperature:

r ¼ k0fðpÞgðTÞzðDoHÞ (1)

The Degree of Hydrogenation DoH measures the amount of

hydrogen still bound to the hydrogen carrier, and its rate of

change (corresponding to the reaction rate) is thus related to

themass flow rate of hydrogen released through the following

equation, where w is the maximum gravimetric density and

MLOHC is the LOHC's molar mass:

_mH2 ;r ¼ wMLOHC
dDoH
dt

(2)

The reaction rate can be expressed for the dehydrogena-

tion of NEC systems as [35]:

dDoH
dt

¼ �k0expð�bpÞexp
�
� Ea

RT

�
DoH2 (3)

Thus, in the case of NEC, the reaction rate changes exponen-

tially with pressure through a pressure coefficient b; it de-

pends on temperature according to an Arrhenius-like factor; it

follows a second-order reaction, depending on the DoH

squared; finally, it is proportional to a reaction constant (k0)

that depends on the catalyst. The numerical values of the

parameters used in this equationwere presented in a previous

work by the authors [44] and are reproduced in Table 1.

Since the reaction is endothermic, a heating source is

needed to balance the heat sunk by the release; otherwise, the

temperature drop would severely hinder the reaction kinetics.

The energy balance can thus be written as follows:

CT
dT
dt

¼ ε _mfcf
�
Tf ;in � T

�þ dmH2

dt
ðDHr þ Dh� DuÞ (4)

with CT being the overall heat capacity of the LOHC. In this

equation, the heat rate transferred to the reactor
_Qf ¼ ε _mfcf

�
Tf ;in � T

�
is a function of the heat transfer effec-

tiveness ε, the Heat Transfer Fluid (HTF) mass flow rate ð _mf Þ
and specific heat (cf), and the temperature difference between

the HTF and the system. The reaction contribution to the

energy balance is proportional to the released hydrogen mass

flow rate and accounts for the reaction heat (DHr) and the

enthalpy differences (Dh) as hydrogen leaves the system at a

given temperature d i.e. corresponding to the instantaneous

LOHC temperature d while the last term accounts for differ-

ences in the internal energy of the system (Du) due to the

release [45].

Equations 3 and 4make up the lumped-parametermodel of

a batch reactor, together with the equations that determine

the heat transfer performance, in terms of heat transfer

effectiveness e and pressure losses on the HTF side, as detailed

in a previous work by the authors [44].

https://doi.org/10.1016/j.ijhydene.2023.05.153
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Table 2 e Reference value and variability range for each
control variable.

Control variable Reference value Range

Reactor pressure p/bar 1.00 0.50e3.00

HTF inlet temperature Tf/K 473 288e500

HTF velocity vf/(m/s) 2 0e5
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Control system

In real-life applications, hydrogen release should follow the

end user's demand. As such, the system's pressure, tempera-

ture, or both, must be controlled. A PI controller was thus

introduced, and a Simulink/Simscape model was built, intro-

ducing a newly defined library for the LOHC system from the

ground up. The schematic modelling used for the simulations

is illustrated in Fig. 1. The heat exchange efficiency module

relies on the procedure presented by the authors for a batch

reactor [44] and calculates the heat transfer effectiveness

based on the HTF velocity vf and temperature Tf, together with

the geometric data related to both the reactor and the HTF

pipes. The heating system module then solves the energy

balance of the reactor (Eq. (4)), while the hydrogen release

module evaluates the mass flow rate of released hydrogen

based on Eqs. (2) and (3).

Once a target hydrogen mass flow rate is defined on the

basis of the user's load, the change between the actual

instantaneous release and its target value is fed to PI con-

trollers acting on release pressure, HTF inlet temperature, and

HTF mass flow rate. The values of these parameters are ob-

tained as the sum of a constant term and a correction, which

is set to the respective PI output when that variable is chosen

as the actual control variable or to zero when it is kept as a

constant design parameter. A saturation block introduces

reasonable limits to the allowed variations. In Fig. 1, pressure

is chosen as the control parameter, as highlighted by the solid

line of the switch connected to the correction dp obtained

from the controller.

Three PI control logic procedureswere introduced based on

the control of the reactor pressure level, the inlet temperature

of the HTF and its mass flow rate through control of the fluid's
speed. For the latter, the instantaneous heat transfer effec-

tiveness was evaluated to account for the different heat ca-

pacities and convection coefficients. Each control strategywas
Fig. 1 e Schematic models of the heated
tested independently of the others. In the simulations, the

control variables were first set at the reference values and

then varied in the ranges given in Table 2.

Performance parameters

Two parameters were used to assess the controllability of the

system. The first depends on the actual period of time (tcontrol)

during which the system is able to supply the required

hydrogen flow rate _mtarget; the parameter tR normalises this

period of time with respect to the theoretical maximum

release time t, defined as the ratio of stored hydrogenmH2 ;stored

to the required flow rate:

t ¼ mH2 ;stored

�
_mtarget (5)

tR ¼ tcontrol
t

¼ mH2 ;rel

mH2 ;stored
(6)

The variable mH2 ;rel ¼ _mtargettcontrol represents the amount of

hydrogen that the system can release at a constant mass flow

rate thanks to the control system (neglecting the brief initial

transient). Therefore, this normalised time tR can be seen as a

measure of the control system's efficiency, as the second

definition in Eq. (6) clearly demonstrates.

The second parameter is the time delay tD, after which the

released mass flow rate reaches its target value. Thus, this

parameter is not related to the efficiency of the controlled
reactor and the control apparatus.

https://doi.org/10.1016/j.ijhydene.2023.05.153
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system; it assesses how quickly the controlled system re-

sponds to user demand.

The time ratio tR is independent of the storage size, so the

results obtained are general and can be extended to storage

systems of any size. However, a normalisedmeasure of power

must also be introduced to describe its effect on the time ratio

in a size-independent way. To untie the influence of load on

the controllability performance from the size of the system, a

quantile analysis was performed on the uncontrolled mass

release profile at constant pressure and temperature, which is

represented in Fig. 2 for a net 5 kWh NEC system taking into

account a fuel cell with an overall HHV-based efficiency of 0.45

[34], corresponding to 282 g of available hydrogen. At constant

temperature and pressure, the reaction rate is solely deter-

mined by the second-order dependence on hydrogen con-

centration (Eq. (3)); a discussion about hydrogen release at

constant operating conditions can be found in the literature

[46,47]. The uncontrolled LOHC system provides a highly

variable flow rate if kept at constant pressure and tempera-

ture: as Fig. 2 shows, the mass flow rate is reduced by more

than 95% as the DoH decreases from 0.95 to 0.20.

The data on the flow rate time evolution were sorted and

divided into ten intervals by deciles so that each group con-

tained exactly one-tenth of the collected data. The power

demand P, which is proportional to the required hydrogen

flow rate _mtarget, was then divided by the corresponding

eighth-decile value so that the time ratio tR and the time delay

tD can be represented against the normalised load P=P8thdecile to

obtain a generalised assessment of the properties of the LOHC

storage system, regardless of the size of the storage system.

Simulations were run for the third, fifth, seventh, and

eighth deciles (represented as thin horizontal lines in Fig. 2)

and the averaged mass flow rate value (bold line). The mean

hydrogen release mass flow rate ðmH2 ;released =DtÞ falls between

the seventh and eighth deciles. For more than 20% of the

operating time, the flow rate would be higher, with a

maximum of approximately five times higher. These results
Fig. 2 e Mass flow rate and DoH over time at 473 K and

1 bar for the hydrogenated NEC sample. The bold line

accounts for the mean release, while the thin lines

represent the 3rd, 5th, 7th, and 8th deciles used in the

simulations.
are consistent with the significantly faster release that occurs

for high values of DoH.

The theoretical release time t provides an alternative way

to identify the load in a size-independent way if the energy

content of the storage system is kept constant (clearly, the

higher the load, the lower the theoretical release time). For the

system represented in Fig. 2, the theoretical release time

corresponding to the deciles considered in the simulation

varies approximately in the range 2e6 h, as shown in Table 3.
Results and discussion

Theoretical performance under constant hydrogen release

Under the assumption of a constant rate of hydrogen release,

the degree of hydrogenation would decrease linearly with

time and the reaction rate (Eq. (3)) would be constant, as

shown in the following equations, where x replaces DoH for

simplicity of notation:

xðtÞ ¼ x0 � _xt (7)

�k0expð�bpÞexp
�
� Ea

RT

�
xðtÞ2 ¼ � _x (8)

The reaction rate _x can be determined as the ratio between the

overall change in the degree of hydrogenation (Dx ¼ 0.75) and

the theoretical discharge time t. So, for example, in the case of

the averaged mass flow rate (t ¼ 2.1 h), the reaction rate is _x ¼
Dx=t ¼ 9.9 � 10�5 s�1.

The previous equations show that the hydrogen pressure

and temperature should change with time in the following

way to maintain a constant rate of dehydrogenation:

expð�bpÞexp
�
� Ea

RT

�
¼ _x=k0

xðtÞ2 (9)

Therefore, the theoretical performance of the controlled

system can be studied analytically in a straightforward way

under the assumption that hydrogen pressure is constant if

the reaction is controlled through the system temperature or

that temperature is constant if pressure is taken as the control

parameter.

In the latter case, setting the system temperature to its

reference value Tref ¼ 473 K, hydrogen pressure should be

varied by the control system according to the following

equation:

pðtÞ ¼ �b�1log

 
_x=kT

xðtÞ2
!

(10)
Table 3 e Theoretical discharge time (energy-to-power
ratios) for the deciles of power considered in the
simulations, with 473 K and 1 bar as reference
temperature and pressure.

Power decile 3rd 5th 7th avg. 8th

t/h 6.14 4.10 2.47 2.10 1.81

https://doi.org/10.1016/j.ijhydene.2023.05.153
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where kT ¼ k0exp
�� Ea=ðRTref Þ

� ¼ 1.89 � 10�3 s�1. So, as hy-

drogenation decreases with time, the controller should

decrease the hydrogen pressure proportionally to its loga-

rithm: p f 2b�1 log x.

On the other hand, if the system temperature is the control

parameter, with the assumption of constant pressure (p ¼ pref-
¼ 1 bar), the following equation is obtained:

TðtÞ ¼ � Ea=R

log
�

_x=kp
xðtÞ2
� (11)

where kp ¼ k0 exp (�bpref) ¼ 1.08 � 1010 s�1. This equation

shows that, as hydrogenation decreases with time, the

controller should act in such a way that the system temper-

ature increases proportionally to the inverse of the logarithm

of the degree of hydrogenation.

The variation with time of the theoretical values of pres-

sure and temperature derived from Eqs. (10) and (11) is pre-

sented in the next section, compared to the actual values of

hydrogen pressure and HTF inlet temperature obtained with

the PI controller described in Section 2.2.

Control system performance

The effect of different loads on the controllability of the sys-

tem is represented in Fig. 3, in terms of the time ratio tR (Eq.

(6)), which assesses the efficiency of the system, as discussed

in the previous section. Setting reasonable bounds to the

control variables range, higher power requirements can only

be met for a limited time period, while lower requirements

can be met for extended time periods, allowing for a deeper

discharge. Due to controllability issues, a certain amount of

hydrogen cannot be effectively released by the system, and its

quantity depends on the power demand. The higher the target

power, the higher the unreleased hydrogen content, since the

contribution of z (DoH) in Eq. (1) is too low to be counter-

balanced by variations in f(p) or g(T) in the given range of

variability of the controlled variables.
Fig. 3 e Relative time controllability for increasing values of

power. Markers indicate the deciles considered in the

simulation: 3rd, 5th, 7th, and 8th deciles.
As Fig. 3 shows, the HTF inlet temperature provides the

most effective control over the entire power range since the

largest amount of hydrogen can be released with the required

mass flow rate: the efficiency is above 90% for power demands

up to the 8th decile, that is, for energy-to-power ratios t above

approximately 1.8 h for the given reference thermodynamic

conditions. Pressure control yields an adequatematch for a low

hydrogen demand but displays a sharper drop in efficiency as

the power requirement increases: efficiency remains above 80%

only for loads up to the 5th decile (t a 4 h). Lastly, mass flow

rate control is by far the least effective, as efficiency is at most

80% in all situations considered: hence, to keep the release rate

above its low tail values, either a temperature or pressure in-

crease is required. However, mass flow rate control is at its core

a temperature control strategy that relies on a variable heat

capacity to either increase or decrease the heat rate _Qf , which

is, however, still exchanged at the same temperature Tf,in,0. As

such, even without an upper limit for vf greater releases than

those obtained in the constant temperature and pressure

sample cannot be achieved.

In contrast, the time delays (Fig. 4) to reach the set value

decreasewithhigherpower levelsaccordingto the releasecurve,

since the initial release is the highest and more limited re-

strictions are required. Temperature control is still the most

effective, with an almost instantaneous theoretical response.

Pressure control has a significantly higher but still low response

time that rangesbetween1and2min.Massflowrate controlhas

thepoorest reactivity, dramatically increasing at low loads since

even the unheated system has a relatively high temperature.

These results can be explained in detail by looking at Fig. 5,

which shows how themass flow rate and the DoH change over

time for the average mass flow rate (t ¼ 2.10 h). The initial

mass flow rate is significantly lowered to meet the targeted

goal, and a constant release is maintained for a widely

different time span depending on the control logic. Temper-

ature control reaches the desired mass flow rate faster than

the other strategies, resulting in a shorter time delay tD as seen

in Fig. 4, and keeps a steady supply for a longer period of time,
Fig. 4 e Time delay to reach the target power for increasing

values of power. Markers indicate the deciles considered in

the simulation: 3rd, 5th, 7th, and 8th deciles.
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Fig. 5 e Hydrogenmass flow rate and DoH over time for the

averaged mass flow rate target. In this figure numerical

data are relative to a 5 kWh system.
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resulting in a higher time ratio tR as shown in Fig. 3. While, at

first, themass flow rate control has a slightly lower DoH due to

a more pronounced delay to reach the target release, the DoH

trends are mostly similar during the controllability range.

When the DoH term in Eq. (3) gets too small, the system can no

longer supply the required mass flow rate, so the curves cor-

responding first to the mass flow rate control and then to the

pressure control deviate from the temperature-controlled

system behaviour. A lower mass flow rate is released, result-

ing in higher levels of DoH.

Fig. 6 better explains why each control strategy deviates

from the targetmass flow rate at a specific time instant. Due to

the finite variability range, once the respective bounds are

reached, no further regulation margin is available to control

the release. In particular, the time evolution of the hydrogen

pressure (Fig. 6a), the HTF inlet temperature (Fig. 6b), and the

HTF velocity (Fig. 6c) are presented for a target mass flow rate

corresponding to the average value, as in Fig. 5.

In Fig. 6a pressure is shown to increase rapidly to limit the

reaction rate, then it decreases steadily until the lower
Fig. 6 e Pressure (a), HTF inlet temperature (b), and HTF velocity
threshold is reached: consequently, the mass flow rate is

shown to deviate from then on in Fig. 5. The pressure level set

by the PI controller (solid line) is consistently lower than the

theoretical value deduced from Eq. (10), mainly because the

system temperature is generally lower than its reference

value due to the endothermic nature of the dehydrogenation

reaction; however, the shape of the curve is remarkably

similar.

Fig. 6b shows how the HTF inlet temperature must change

with time to return the desired result. An ambient-

temperature mass flow rate is required first to cool off the

reactor; then, the heating fluid must supply the reaction heat

to fuel the release. A smooth increase is observed over time,

saturating at the range's upper bound. The theoretical system

temperature is shown for comparison, but it must be observed

that the two curves are related to the temperature of two

different systems: the HTF inlet temperature (solid line) and

the hydrogen-LOHC system (thin line with markers). The HTF

must obviously be hotter than the LOHC to be able to transfer

the heat required to sustain the reaction, but the trend is the

same that could be foreseen by means of Eq. (11).

Lastly, Fig. 6c shows how an increasingly higher mass flow

rate is needed as time passes, obtained through an increased

velocity of the thermal fluid. A secondary beneficial effect is

also provided by the variation in heat transfer effectiveness

due to a different vf. After an initially smooth increase, the

HTF flow rate that would be required to sustain the reaction at

the required hydrogen discharge rate quickly increases due to

the reduction in DoH, since the discharge rate depends on the

square of this parameter (Eq. (3)). In particular, it is evident

that even if the actual discrepancy with the target power oc-

curs at t z 67 min, a substantial increase in velocity is needed

from about t z 50 min, corresponding to DoH z0.65, to

compensate for the reduction in the term z (DoH) in Eq. (1)

through an increase in temperature. This result is consistent

with Fig. 6b, as the required Tf increases above the reference

temperature at approximately the same instant.

Further simulations were performed by changing the

initial HTF inlet temperature by ±10 K and then increasing the

working pressure to 1.25 bar, a value that could be more

reasonable for a real batch system. Fig. 7 highlights how time

controllability changes for different thermodynamic set
(c) variation over time for each respective control strategy.
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Fig. 8 e Time delay for different control logic at various

thermodynamic set points.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 5 1 ( 2 0 2 4 ) 3 2 9e3 3 9336
points. Mass flow rate control is still the least effective.

Slightly better performance is achieved for higher pressure

levels, but with a greater influence of the set temperature. For

low values, better utilisation is achieved since the reduced

tail-end release requires a higher temperature in the reactor to

reach the set power target. As such a high Tf,inlet increase the

effectiveness of a mass flow rate control. On the contrary, a

10 K temperature increase produces dramatically worse re-

sults, with less than 30% usage for the eighth decile. Pressure

control benefits from higher set pressure levels since they

provide a greater control margin at the tail end as the lower

bound of the variability range is reached. The higher the

temperature, the lower the effectiveness of the pressure

control due to the greater influence of the temperature factor

in Eq. (3). Lastly, temperature control yields slightly worse

performance at high load and high pressure, since the pres-

sure influence ismoremarked. A lower reference temperature

benefits controllability performances as a greater DTf,inlet is

available to speed up the reaction. Similarly to mass flow rate

control, the higher the set level, the lower the effectiveness

with a sharp decrease related to the need to raise the tem-

perature level above its set value to improve kinetics at low

DoH.

The various time delays are represented in Fig. 8 with

respect to the power demand and the thermodynamic con-

ditions. Temperature control is still almost instantaneously

tuned to the set value for every simulation scenario. A more

variable trend is showcased by pressure control, with a

reduced delay time for high-temperature and low-pressure

simulations. However, mass flow rate control has a widely

variable reactivity. Since the initial regulation requires a dra-

matic reduction in release, this time high-temperature values

speed up the process as the PI controller establishes a null

mass flow rate. High pressure levels are again related to longer

time delays. Regardless, mass flow rate control is still defi-

nitely the least convenient option.

Therefore, the sensitivity analysis reaffirms the whole

temperature control strategy as the best fit to enhance

controllability throughout the power range. Even though the
Fig. 7 e Relative time controllability for different control

logic at various thermodynamic set points.
set variability ranges of pressure and temperature moving

from the lower to the upper bound lead to a 500.0% and 73.6%

(considering the inverse of the temperature due to Eq. (3))

increase, the 121.0 kJ/mol activation energy and the

1.397 bar�1 pressure coefficient [44] give temperature a rela-

tively more marked influence over the kinetic rate.

In general, when using temperature or pressure as control

parameters, a power demand equal to or less than the fifth

decile can be met with relatively high efficiencies (90% or

above). Unless a high reference temperature is needed, for

example if a high release rate is sought, such efficiencies can

be reached with temperature as the control parameter even

for higher loads.

Although the importance of heat recovery for the

competitiveness of LOHC-based storage systems cannot be

understated, the required high-temperature heat sources

might prove difficult to find, limiting the possible applications

of this storage technology. So, even though changing the HTF

inlet temperature has been shown to be the most effective

way to control the release process, the temperature of the heat

source could significantly restrict the range of variability for

this control parameter. However, the enthalpy change of the

dehydrogenation reaction is less than 20% of hydrogen's HHV

[44], so it is the quality of the available waste heat (the tem-

perature of the heat source) rather than its quantity that

represents the main constraint on the feasibility of this

technology. Moreover, in most applications the HTF inlet

temperature would be determined by the performance of a

recovery heat exchanger where waste heat is recovered, and

the heat exchanger dynamics should be taken into account in

the model of a specific application. Similarly, both low- and

high-pressure levels are challenging because of storage-to-

user coupling and the need for hydrogen compression.

Therefore, a multiparameter approach could be introduced to

increase the controllability or limit the respective variability

range, or both. Moderate regulation of the mass flow rate

could be studied as a support control strategy; however, the
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sensitivity analysis highlighted its poor performance when a

medium-low DoH is reached.
Conclusions

LOHC systems are characterised by a non-constant hydrogen

release over time unless control strategies are put in place.

This is necessary to couple hydrogen storage to end-user de-

mand. Different control strategies can be implemented to in-

fluence the kinetic rate, acting on the temperature and

pressure of the reactor. For a given size and reasonable ranges

of variability for each control variable, a maximum control-

lability time can be definedwith respect to the power demand;

this parameter identifies the system storage efficiency under

different loads, as it measures the actual amount of hydrogen

released against the stored hydrogen. In this paper, different

constant demand values were considered and defined by

decile analysis to allow for general considerations. Practical

values of theoretical release time, corresponding to the

energy-to-power ratio, are found in the interval 2e6 h for

LOHC systems.

Regarding the feasibility of each control strategy, the

temperature control shows the best results: efficiency re-

mains above 90% over the entire range of loads considered,

that is, for energy-to-power ratios t as low as 1.5e2.0 h;

pressure control only leads to satisfactory performance at low

load (t a 4 h). Although easier to implement, mass flow rate

control alone shows a lacklustre controllability, resulting in an

efficiency below 80% over the whole load range considered,

and both controllability and delay times are significantly

worse than those achieved with different control strategies.

Although temperature control allows for over 90%

discharge even for the eighth decile, pressure control leads to

similar performances for lower-than-median loads. On the

other hand, the energy stored is fully released at a load cor-

responding to the fifth decile (t z 4 h) with temperature

control. As such, this energy-to-power ratio could identify the

best power level to operate the reactor as the best trade-off

between storage efficiency and power output.

Under different reference thermodynamic conditions,

temperature control is still the most effective, losing effec-

tiveness only if higher reference temperature levels are

required. Consistently lower but overall adequate perfor-

mances are achieved through pressure control, again

suffering the influence of a higher temperature. Mass flow rate

control remains the least reliable control logic, dramatically

losing effectiveness for higher temperature.

More complex control strategies could be investigated,

introducing a synergisticmulti-parameter control tomake use

of the good controllability of pressure and temperature while

reducing the strain in the required variation range.
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Nomenclature

c specific heat (J/(kgK))

CT heat capacity (J/(kgK))

DHr reaction enthalpy change (J/kg)

Ea activation energy (J/(molK))

h specific enthalpy (J/kg)

k0 pre-exponential factor (mol/s)

m mass (kg)
_m mass flow rate (kg/s)

M molar mass (kg/mol)

P power (W)

p pressure (Pa)
_Q heat rate (W)

r reaction rate (mol/s)

R universal gas constant (8.3145 J/(molK))

t time (s)

T temperature (K)

u specific internal energy (J/kg)

v velocity (m/s)

w gravimetric storage capacity (�)

Greek letters

e heat exchanger effectiveness (�)

Subscripts

D delay

f heat transfer fluid

R ratio

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

PEM Proton Exchange Mebrane (Fuel Cell)

PID Proportional Integral Derivative (controller)

RES Renewable Energy Source
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