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Liquid organic hydrogen carriers (LOHCs) are considered a promising hydrogen storage

technology. Heat must be exchanged with an external medium, such as a heat transfer

fluid, for the required chemical reactions to occur. Batch reactors are simple but useful

solutions for small-scale storage applications, which can be modelled with a lumped-

parameter approach, adequately reproducing their dynamic performance. For such re-

actors, power is consumed to circulate the external heat transfer fluid and stir the organic

liquid inside the reactor, and heat transfer performance and power consumption are two

key parameters in reactor optimisation. Therefore, with reference to the hydrogen release

phase, this paper describes a procedure to optimise the reactor thermal design, based on a

lumped-parameter model, in terms of heat transfer performance and minimum power

consumption. Two batch reactors are analysed: a conventional jacketed reactor with

agitation nozzles and a half-pipe coil reactor. Heat transfer performance is evaluated by

introducing a newly defined dimensionless parameter, the Heat Transfer Ratio (HTR),

whose value directly correlates to the heat rate required by the carrier's dehydrogenation

reaction. The resulting model is a valid tool for adequately reproducing the hydrogen

storage behaviour within dynamic models of complex and detailed energy systems.
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1. Introduction

The development of reliable and competitive hydrogen tech-

nologies has been considered fundamental by nations all over

the world, such as Japan [1], China [2], the UK [3], the USA [4],

and EU members [5]. For the latter, a strong emphasis has

been placed in recent months in response to the Ukrainian-

Russian crisis [6]. Today, more than ever, reducing the influ-

ence of fossil fuels is mandatory to preserve our climate, our

planet, and economic and social stability. Green hydrogen [7]

can unlock the full potential of renewable energy sources,

providing an effective way to store carbon-free electricity and

decarbonise various energy sectors (such as, for example, the

gas grid [8]) as a crucial tool in the wider context of sector

coupling [9], in particular in so-called hard-to-abate sectors

[10], such as heavy-duty transport [11].

Although sustainable hydrogen production and hydrogen-

based technologies still require further research [12],

hydrogen storage brings additional issues that need to be

addressed, such as safety hazards and low energy density [13].

Traditionally, the two main pathways to store hydrogen are

compressed [14] and liquid hydrogen [15], but both are lack-

lustre in terms of energy density, storage conditions, and ef-

ficiency. Bulk storage technologies using underground pipes

or caverns are available and can be practical [16] and safe [17],

but cannot be applied widely due to geographical limitations

[18]. Consequently, alternative routes have been explored,

such as Liquid Organic Hydrogen Carriers (LOHCs): in these

molecules, double carbon-carbon bonds are reversibly broken

to store hydrogen through exothermic reactions (hydrogena-

tion). On the contrary, to release hydrogen, endothermic re-

actionsmust occur (dehydrogenation) as the double bonds are

re-established [19]. LOHCs have already been scrutinised to

assess their technical and economical performance as

hydrogen storage systems: it has been found that distributing

hydrogen from a hydrogen production plant to a terminal

refuelling station with LOHCs is cheaper than compressed,

liquefied or pipeline hydrogen for long-distance, large-volume

(higher than 20000 kg/d) hydrogen demands [20], while they

may achieve the lowest Levelised Cost of Hydrogen (LCOH)

compared to compressed or liquefied hydrogen if the entire

supply chain for green hydrogen production, storage, trans-

portation and distribution is considered [21]. LOHCs are in

particular very competitive compared to more established

technologies for long-term, large-scale hydrogen storage [22].

However, relative to other hydrogen carriers, LOHCs require a

significant heat demand at relatively high temperatures, and

heat integration within each specific application plays an

essential role to ensure that hydrogen is stored and distrib-

uted efficiently [18].

LOHCs were first proposed in the 1980s [23], although they

have gained popularity only in the last few years [24].

Currently, Di-Benzyl-Toluene (DBT) [25] and N-Ethyl-Carba-

zole (NEC) [26] are the most studied carriers, although a

multitude of other fluids have been assessed [27], also by

means of a systematic evaluation of their physico-chemical

properties [28]. Research is still ongoing not only for a car-

rier, but also for better catalysts [29], which are arguably

mainly important during dehydrogenation [30] as higher
temperatures are needed, and slow kinetics can prevent deep

discharges [31,32], while the end-user requirements must be

respected.

Although research on the chemistry of the process is still

actively pursued, different case studies have been analysed to

evaluate the performance of complex systems based on

hydrogen turbines [33], or fuel cells [34]. Both papers focus

mainly on the end-user application, but little information is

reported about the actual behaviour of the carrier, allegedly

modelled in 1D. Furthermore, the design proposed by Dennis

et al. is characterised by an excessively cumbersome reactor

[33]. On the contrary, Yang et al. focus on LOHC using a 2D

model, although the influence of pressure on the reaction rate

is omitted [35].

Although with different geometries, all the reactors

mentioned above show a significant evolution of the Degree of

Hydrogenation (DoH) in the axial direction with only moder-

ate variation in the radial direction; consequently, they can be

modelled as Plug Flow Reactors (PFRs). This design is in line

with the traditional tubular and shell-and-tube heat ex-

changers and is suitable for relatively high flow rates of dis-

charged hydrogen. However, simpler reactors, modelled as

batch reactors, can provide effective storage solutions for

small-scale hydrogen-based energy systems and are going to

be required in a fully-fledged hydrogen economy.

Therefore, the aim of this paper is to present a procedure to

optimise the thermal design of LOHC-based batch reactors,

ensuring the required heat transfer performance and the

lowest power requirement. The former is assessed through a

novel dimensionless parameter, the Heat Transfer Ratio

(HTR), while the latter is evaluated as the combination of

pumping and stirring consumption. Hence, this paper does

not deal directly with the chemical and kinetic characteristics

of the reactor, which are assumed to be known for the LOHC

and catalyst by means of a characterisation resulting in a set

of parameters that can then be implemented in a model

developed by the authors [36]. Instead, the focus here is on the

thermal design of the reactor, and in particular on how to

achieve the most efficient heat transfer process between the

LOHC and the Heat Transfer Fluid (HTF), taking into account

the power consumption from the stirring of LOHC inside the

reactor and the HTF circulation.

The resulting lumped-parameter model is particularly

useful, notwithstanding some unavoidable loss of detail,

because it adequately reproduces the overall dynamics, thus

making it possible to build dynamicmodels of complex energy

systems, of which LOHC-based hydrogen storage systems

only represent a component. So, these findings will be the

starting point for more in-depth characterisations, including

end-user requirements and control strategies in batch re-

actors, and thermal design considerations for continuous

reactors.
2. Methods

2.1. Reactor design

The dehydrogenation reaction is endothermic and, therefore,

heat must be supplied to the reactor to sustain the hydrogen

https://doi.org/10.1016/j.ijhydene.2023.08.200
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release from the carrier. In this paper, two alternative designs

of a batch reactor were evaluated: jacketed and coiled reactors

(Fig. 1), which differ in the way heat is provided to the system.

The heat transfer correlations and the expected range of

variability for each parameter were taken from Garvin, with

reference to the conventional jacket with agitation nozzles

and half-pipe coil designs [37].

As stated in the introduction, the optimisation process was

conducted considering both the thermal performance of the

reactor and the power consumption for the HTF circulation

and the LOHC stirring. The power requirements for the

agitation nozzles were deemed negligible.

The global optimum was found through Matlab's Global

Optimisation Tool.

The sizing procedure, given the volume required to host

the LOHC, for a given aspect ratio AR usually in the range of

1e4, starts with the evaluation of both the height H and the

inner diameter Di of the batch reactor (Fig. 1):

AR ¼ H=Di (1)

V ¼ p

4
H3

AR2: (2)

It should be noted that H is here defined in terms of the

filling level, but the actual height of the reactor is likely to be

somewhat higher to allow easier gas-liquid separation.

Regardless, this upper empty space is almost unrelated to heat

transfer performance and was then neglected in this analysis.

Having defined the wall thickness tw (usually about 7 mm),

the batch outer diameter is then easily derived:

De ¼ Di þ 2tw: (3)

In the case of jacketed reactors, an additional diameter

must be defined, that is, the outer diameter of the jacket Dj,

which is evaluated as follows:

Dj ¼ De þ 2tj (4)

where tj is the thickness of the jacket, which is usually in the

20e50mm range. The heat exchange areaAHX is thus given by:
Fig. 1 e Batch reactor designs; going from left to right:

jacketed batch reactor and coiled batch reactor.
AHX ¼ pDeH (5)

while the cross section Af available to the HTF flow is ob-

tained as:

Af ¼ H
�
Dj � De

��
2: (6)

For coiled-pipe reactors, instead, a tube diameter dmust be

chosen. Then, for a given pitch s representing the spacing

between tubes, both the number of pipes Np and the heat

exchange surface AHX are derived as follows:

Np ¼ PðHþ sÞ = ðdþ sÞR (7)

AHX ¼ pDe

�ðH�NpdÞef þNpd
�
: (8)

The pitch is usually in the range 35e50 mm. Eq. (8) high-

lights that well-designed reactor coils act as fins and even the

residual wall surface participates in heat transfer exchange

with efficiency ef. In this type of reactor, pipes do not have a

circular section and are characterised by an angular opening

(b). This value was set in this work as b ¼ 180�; another com-

mon value is 270�. Most pipes have a diameter in the range

5.08e10.16 cm (2e4 in). The cross section available to the heat

transfer fluid is:

Af ¼ bNppd
2=4: (9)

Once the HTF velocity vf is set, usually in the range

0.50e1.50 m/s, the mass flow rate is given, for both types of

reactor, by:

_mf ¼ rfAfvf (10)

where rf is the HTF density.

According to the lumped-parameter model implemented

in this study, a homogeneous temperature T is assumed for

the reactor, so the heat transfer process occurring between

the HTF, which flows either in the jacket or in the coiled pipes,

and the LOHC inside the reactor can be modelled as a single-

stream heat exchanger [ [38], p. 126]. Therefore, the effec-

tiveness of heat transfer e can be evaluated with the following

simple expression as a function of the Number of Transfer

Units NTU, which depends on the overall heat transfer coef-

ficient U:

NTU ¼ AHXU
�ð _mfcf Þ (11)

e ¼ 1� expð �NTUÞ: (12)

The overall heat transfer coefficient U in Eq. (11) accounts

for the convective heat transfer from the HTF to the batch

reactor (hf), conduction through the wall (lm) and, lastly, inner

convection through the carrier (hl).

U ¼
�
1
hf

þ DelnðDe=DiÞ
2lm

þ De

Di

1
hl

��1

(13)

Values of lm have been obtained assuming a stainless steel

316L reactor; heat conductivity at working temperature is

evaluated using data available in the literature [39].

The heat transfer coefficients in Eq. (13) are evaluated with

empirical formulae for HTF [37] and LOHC [40] that allow the

evaluation of the Nusselt number Nu ¼ hdhyd/l based on the

chosen reactor type (coiled or jacketed).

https://doi.org/10.1016/j.ijhydene.2023.08.200
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In coiled reactors, the HTF heat transfer coefficient is a

function of the Reynolds number (evaluated through the

hydraulic diameter dhyd), the Prandtl number, and the ratio

between the hydraulic and curvature diameters:

Nuf ¼ 0:0225Re0:795
f Pr0:495f exp

h
� 0:0225ðlogPrf Þ2

i	
1

þ 0:059
h
Ref ðdhyd

�
dcÞ2

i0:34 

(14)

ac ¼ arctan

�
2H
pDi

�
(15)

dc ¼ Di=cosðacÞ: (16)

In the case of jacketed reactors, the convective heat

transfer coefficient can be estimated from empirical formulae

as a function of the Reynolds number, the Prandtl number,

and an entrance correction (Gef), as follows:

Nuf ¼ 0:0192Re0:795
f Pr0:495f exp

h
� 0:0225ðlogPrf Þ2

in
1

þ 0:059½Ref ðdhyd

�
DiÞ2�0:34

o
Gef (17)
Gef ¼

8><
>:

1; Ref

�
dhyd

�
dc

�2 � 4:72

1þ 5:71
dhyd

pDe

�
1� exp

�
1� 0:07ðpDeÞ

�
dhyd

� �
; Ref

�
dhyd

�
dc

�2
>4:72:

(18)
On the contrary, heat transfer through the carrier adheres

to the same mechanism in both reactors. Assuming natural

convection to be negligible, hl is evaluated from Eq. (19) [40].

Since motion is related to angular velocity, the rotational

Reynolds number Reu, which depends on the impeller rota-

tional speed n, is introduced in Eq. (20).

Nul ¼ 0:11
��
Re2

u

�
2þ GrÞPrl

�0:35
(19)

Reu ¼ D2
i nrl

�ð2mlÞ: (20)

Due to the uniform heat exchange over the height of the

reactor in the batch configuration, natural convection does not

play any significant role in heat transfer. As such, the Grashof

number (Gr) is set to zero. The rotational speed is evaluated

through Eq. (31) as explained in the following paragraphs.

The pumping power, required to circulate a HTF mass flow

rate _mf through the jacket or the external pipes, is evaluated

from Eq. (21), having defined the concentrated (DpC) and the

distributed (DpD) pressure losses in Eqs. (22) and (23), The

fanning friction factor is calculated either through Eq. (24) for

jacketed reactors or Eq. (25) for coiled reactors:

Pcirc ¼ _mf

�
DpC þ DpD

��
rf (21)

DpC ¼ 4Kelbowrf v
2
�
2 (22)
DpD ¼ f
pðDe þ dÞ

dhyd
rf
v2

2
(23)

f ¼ �1:8log10Re
* � 1:5

��2 ðjacketed reactorsÞ (24)

f ¼
8<
:

16=Re; 0<Re<2100
0:0791

�
Re0:25; 2100�Re�1�107

0:0014þ0:125
�
Re0:32; Re>1�107

ðcoiled reactorsÞ:

(25)

The curvature effect is accounted for by the coefficient

Kelbow in Eq. (22) as a tabulated value function of hydraulic and

external diameter (dhyd,De) for a 90� bending using data taken

from White [41]. Regarding the Gnielinski correlation, Eq. (24),

the value of Re* must be evaluated as follows:

Re* ¼
h
1� ðDe

�
DjÞ2

i
þ
h
ð1þ De=DiÞ2

i
logDe=Dih

1� ðDe

�
DjÞ2

i
logDe=Dj

Re: (26)

It must also be noted that the hydraulic diameter defined

for pressure loss evaluation is not the same as that required

for heat transfer analysis, since the reference wet perimeter is

different.

An impeller is required to mix the bulk liquid to promote
homogeneity and improve the reaction operating conditions.

Its power consumption scales with its diameter, rotational

speed, LOHC density, and viscosity. This paper uses correla-

tions available in the literature [42], assuming a Half Hold-up

impeller:

dimp ¼ Di

�
3: (27)

Power consumption is evaluated from empirical equations

based on three dimensionless numbers: the power number

(Np), the impeller-imposed Reynolds number Reimp and the

Froude number Fr, defined as follows:

Np ¼ Pst=
�
rln

3d5
imp

�
(28)

Reimp ¼ rlnd
2
imp=ml (29)

Fr ¼ dimpn
2
�
g: (30)

Stirring has been shown to have a key influence on reaction

rate [43]. Currently, no information is available on the advised

correlation between rotational speed and reactor size. Since

laboratory tests are carried out on small samples, it is

reasonable to assume that the actual stirring conditions could

be characterised by a low rotational speed (10.0e16.6 Hz is

advised by Wan et al. [43]) to limit the tip velocity.

https://doi.org/10.1016/j.ijhydene.2023.08.200
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As such, the rotational speed was evaluated by imposing a

supercritical regime, defined as the transition between non-

aerated (subcritical) and aerated (supercritical) conditions:

ncr ¼ ðS=KÞ 7
10ðml=rlÞ

1
21 g

10
21 d

�4
7

imp (31)

where S and K are empirical parameters: for the Half Hold-up

impeller, K ¼ 13.5, S ¼ 9.5. As seen from Eq. (31), it is safe to

assume a reduced required rotational speed as the size of the

system increases. The critical rotational speed ncr is also a

function of the liquid thermophysical properties (viscosity and

density) and the type of impeller through the empirical co-

efficients S and K. Therefore, the power consumption is

deduced from Eq. (28), with the power number evaluated as the

minimum value resulting from Eqs. (32) and (33), valid for

500 < Reimp < 250000:

Np ¼ KRe�0:3
imp (32)

Np ¼ S
�
ReimpFr

��1=3
: (33)

2.1.1. Thermophysical properties
Dowtherm™Q was considered as the heat transfer fluid and

its properties were evaluated using CoolProp libraries [44].

Instead, since no reliable and comprehensive database is

currently available for the main thermophysical properties of

NEC (namely density rl, viscosity ml, specific heat capacity cl, and

thermal conductivity ll), a group-contribution method was

implemented [45]. Dynamic viscosity, density, and specific heat

capacity have been evaluated with the Joback method, while

thermal conductivity values are based on Gharagheizi. Both

modelling procedures provide a reasonable estimate for

organic liquids, assuming a temperature-dependent behaviour;

methodology and data are taken from Green and Perry [ [45],

Section 2].

The overall binary mixture made out of the fully loaded

and unloaded carrier is then characterised by assuming a

mass-weighted average for cl in Eq. (34), the effective mass-to-

volume ratio for rl in Eq. (35), Gambill'smethod for ml in Eq. (36)

[46], and Vredeveld's for ll in Eq. (37) [47]:

cl ¼
X
i

xm;ici (34)

rl ¼
�X

xm;i

.
ri

��1

(35)

ðml=rlÞ�1=3 ¼
X
i

xm;iðmi=riÞ�1=3 (36)

ll ¼
 X

i

xm;il
�2
i

!�1=2;

(37)

with xm,i being the mass fraction of the component in the

mixture and ni its kinematic viscosity.

2.2. Kinetic and thermodynamic model

Most LOHC-based literature features a plug-flow reactor

coupled with one-dimensional modelling to account for axial
gradients. However, in a batch reactor, gradients are expected

to arise mainly over the radial direction.

Both hydrogenation and dehydrogenation rates depend on

temperature; heat is transferred to or from the system as the

reactions occur. As a result, heat and mass transfers are

mutually dependent in LOHC systems, as in MHs [48].

When heat is exchanged with the system through con-

vection and propagated inside the system through conduc-

tion, the accuracy of a lumped parameter approach is usually

estimated with the Biot number Bi ¼ hL/l. No experimental

data are available for the conductivities of LOHCs at high

temperatures; however, using the model provided by Berger

Bioucas et al., the conductivity can be estimated as ly 0.09W/

(mK) at approximately 480 K [49]. Even assuming low values of

the convective heat transfer coefficient such as h y 1 kW/

(m2K), the Biot number is bounded to bemuch higher than one

taking into account reasonable values of characteristic

lengths (for example, the optimal inner diameter obtained in

section 3.2 is approximately 10 cm, resulting in Bi z 103).

Nevertheless, a lumped-parameter approach is effective

because of the internal heat sink provided by the endothermic

reaction, taking into account that the overall reaction heat

depends on temperature. If more hydrogen is released (higher

temperature), more heat is sunk, thus slowing down the

heating action ensured by the external liquid. This balancing

mechanism allows for 0D modelling of MHs [48].

The dehydrogenation reactions occurring within the

reactor can be represented by a lumped parameter model

resulting in the following equation [36], which gives the re-

action rate as a function of a pre-exponential factor k0 that

depends on the reaction and catalyst used, of temperature

through the Arrhenius law, and of pressure through an

exponential term involving a pressure coefficient b. The re-

action rate can be expressed as the time derivative of the

Degree of Hydrogenation DoH,which is the ratio of the current

hydrogen content mH2 ðtÞ to the maximum possible hydrogen

content for a given storage technology. For a reaction of order

n it can be thus expressed as:

dDoH
dt

¼ �k0exp

�
� Ea

RT

�
expð � bpÞDoHn: (38)

Conversion from the degree of hydrogenation DoH and its

time derivative to hydrogenmass andmass flow rate requires

the introduction of the maximum gravimetric hydrogen den-

sityw and the LOHC overall massml, resulting in the following

expression for the hydrogen mass flow rate _mH2
released by

the system:

_mH2
¼ �wml

dDoH
dt

¼ wmlk0exp

�
� Ea

RT

�
expð � bpÞDoHn: (39)

The energy conservation equation must take into account

the system's heat capacity C, the heat absorbed by the endo-

thermic dehydrogenation reaction that depends on reaction

enthalpyDHr and rate of reaction, and the heat supplied by the

heat transfer fluid:

C _T ¼ � _mH2

�
DHr þ

�
cp � cv

�ðT� T0Þ
�þ e _mfcf

�
Tf ;i � T

�
(40)

where the heat transfer effectiveness is evaluated according

to Eq. (12).

https://doi.org/10.1016/j.ijhydene.2023.08.200
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The reactor model is thus made up of Eqs. (38)e(40), rep-

resenting an ODE system that can be solved with an explicit

third-order Runge-Kutta scheme.

2.3. Heat Transfer Ratio

The Heat Transfer Ratio HTR, defined in Eq. (41) and rewritten

as Eq. (42), was deduced from the reactor thermal balance to

assess the heat transfer performance. The HTR represents the

ratio of the heat rate transferred by the HTF, per unit temper-

ature difference between the HTF and the reactor, to the

maximum heat rate generated by the dehydrogenation reac-

tion, divided by the design temperature Tdes to obtain a

dimensionless quantity:

HTR ¼
_Qext:fluid

_Qreaction;max

,
Tdes

Tf ;i � T
(41)

HTR ¼ e _mfcf
DHr _mH2 ;max

�
Tdes

: (42)

Therefore, the numerator is the product of heat

transfer effectiveness e and HTF flow heat capacity _mfcf ,

while on the denominator side, the maximum heat rate de-

pends on the heat of reaction DHr and the maximum

hydrogen flow rate, which is obtained, based on Eq. (39), at

the beginning of the dehydrogenation process thanks to the

highest value of DoH, provided that the reactor is heated to

the desired reaction temperature beforehand, so that

T(t ¼ t0) ¼ Tdes:

_mH2 ;max ¼ _mH2
ðt¼ t0Þ ¼ wmlk0exp

�
� Ea

RTdes

�
expð � bpÞDoHn

max:

(43)

By this definition, HTR can be used to assess the heat

transfer performance not only for different reactor sizes, but

also for different LOHCs with similar reaction kinetic charac-

teristics (for example, the same reaction order).

Alternative definitions of HTR were also tried. For

example, the definition HTR ¼ _mfcf ε=ðmH2HHVÞ leads to an

apparentlymuchmore straightforward parameterisation. The

effective heat capacity is divided by the energy content of the

system, thus removing sizing effects, but the resulting value

is not dimensionless. More importantly, since different LOHCs

vary in both release trends and reaction heat, the kinetic

performances achieved with similar HTR for different carriers

may lead to significantly different results.

Despite the more complex definition and the need to

collect data on the kinetic release parameters, Eq. (42) was

considered to be overall more significant due to the greater

amount of information returned and the potential to be

applied to different LOHCs.

To improve the heat transfer performance, higher values of

HTR can be achieved as:

� more heat is provided through a higher HTF flow heat ca-

pacity, better effectiveness of the exchanger, or both;

� the reaction temperature is set to a higher value;

� a reduced temperature drop takes place;

� less reaction heat is sunk.
Consequently, while the first two bullet points are likely

detrimental in terms of the system's costs and overall effi-

ciency, the remaining scenarios are actually desirable.

Finally, as discussed in Section 3, it should be noted that

the HTR is introduced as a measure of the kinetic perfor-

mances of a real LOHC system with respect to its corre-

sponding constant-temperature equivalent system.
3. Results and discussion

3.1. Heat Transfer Ratio analysis

The heat transfer performance of the reactor was analysed

through the HTR: in particular, the effect of an increase in

HTR, leading to an improvement in the heat transfer between

HTF and LOHC, was studied to identify a threshold HTR value,

representing the best trade-off between thermal design and

kinetic performance, above which the improvement kinetic

response is not significant.

To this end, the impact of HTR on reactor performance was

first assessed in a test case represented by a storage system

with an available hydrogen content of mH2 ¼ 282:1 g, which

corresponds to a net energy output of 5 kWh by a fuel cell with

a 45% HHV-based efficiency; the required LOHC mass is ml ¼
mH2=w ¼ 4:855kg. The parameters required to model this test

case are listed in Table 1. The batch reactor is subjected to a

spontaneous constant-pressure discharge process, that is, the

discharged hydrogen flow rate is not controlled ad results

from the instantaneous operating conditions, namely tem-

perature and DoH, according to Eq. (39). The duration of

discharge is set at 180 min.

Fig. 2 shows the influence of the HTR on how dehydroge-

nation and reactor temperature proceed with time; the tem-

perature trend is remarkably similar to data available in the

literature [51], albeit for a PFR, providing an indirect validation

for the model presented. The different discharged hydrogen

content is clearly a result of different temperature trends.

With higher HTR values, the temperature drop for a given

system progressively decreases. Consequently, faster kinetics

is ensured, and a highermass of hydrogen is discharged by the

180 min mark, by which a 0.2 DoH threshold can be reached

using either NEC [32] or DBT [34] as carriers (Fig. 2 shows the

behaviour of a reactor based on NEC). As HTR increases, the

gap between different temperature profiles is reduced, and the

overall temperature does not stray far from the original design

temperature Tdes: the kinetic performance thus progressively

tends to a constant-temperature trend, and only marginal

improvements become possible with a further increase in

HTR. Further raising the HTR above about 100 for this system,

either through a higher HTFmass flow rate or more expensive

design choices, would not lead to practical gains. In thisway, a

threshold value can be identified, which in this case is HTRthr

z 100.

The HTR parameter can be used to compare different

LOHCs. Fig. 3 shows the final DoH reached by reactors con-

taining NEC or DBT in the 180 min constant-pressure

discharge described above, compared to the value that could

be obtained in a constant-pressure, constant-temperature

discharge process (dashed lines). Looking at the performance
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Table 1 e Input parameters for the HTR assessment (NEC reactor).

Parameter Value Parameter Value

Available H2 mass mH2 282.1 g Gravimetric density w [32] 5.81%

Enthalpy of reaction DHr [50] 50.6 kJ/mol Reaction order n [36] 2

Pre-exponential factor k0 [36] 2.61 � 1012 min�1 Activation energy Ea [36] 121.0 kJ/mol

Pressure coefficient b [36] 1.397 bar�1 Initial DoH 95%

Duration of discharge 180 min Reactor AR 1.7

Initial temperature 473 K Hydrogen pressure 1.0 bar

HTF inlet temperature TTdes

f 473 K HTF mass flow rate _mf 0.718 kg/s

Fig. 2 e DoH and temperature evolution over time for different values of the HTR parameter.

Fig. 3 e HTR influence over NEC and DBT systems. Dashed lines represent constant-temperature simulations. Left: DoH

reached at t ¼ 180 min for different values of HTR; right: deviation of the real reactor from the DoH reached in an ideal

constant-temperature reactor.
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Table 2 e Results of the reactor optimisation process.

Parameter Jacketed
reactor

Half-pipe coiled
reactor

Value Value

Height H/cm 39.22 39.22

Inner diameter Di/cm 9.81 9.81

Outer diameter De/cm 11.21 11.21

Aspect ratio AR 4.00 4.00

HTF velocity vf/(m/s) 2.05 2.40

HTF mass flow rate _mf /(kg/s) 16.97 16.12

Power consumption P/W 2.3 0.9

Jacket width t/cm 5.0 e

Pipes diameter d/cm e 10.16

Pipes pitch s/cm e 4.93

Overall heat transf. coeff. U/

(kW/(m2K))

6.21 6.38
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of NEC and DBT, a threshold HTR value of about 90e100 is

needed in both cases to achieve a final deviation lower than

5% with respect to the constant-temperature release profile.

The temperature levels were chosen to ensure a final

DoH(t ¼ 180 min) z 0.20 at p ¼ 1.00 bar, corresponding to 473

Kand583 K respectively for NEC and DBT, given their different

thermodynamic properties. In particular, Fig. 3 shows, on the

left, how the higher HTR decreases the final degree of hydro-

genation asymptotically with respect to the performance of

the constant-temperature profile. As such, significant im-

provements are achieved only at low HTR values ð� 100Þ,
above which the performance is already similar to those

granted by a constant-temperature discharge. On the right, it

shows the relative difference in final DoH between the tested

reactor and the constant-temperature process: the remark-

able similarity between the curves representing NEC and DBT

shows that the HTR is useful in assessing heat transfer per-

formance for different LOHCs, at leastwhen the reaction order

is similar (the reaction order for DBT has been shown to be

very close to 2 [34]); preliminary results for other carriers hint

at a possible correlation between the reaction order and the

threshold value.

Consistent with the lumped-parameter approach and the

definition of HTR, which is independent of size, both the

scaling up and down of the sample leads to the same kinetic

performance if the HTR parameter is kept constant. For any

given size, the greater the HTR, the more limited the tem-

perature drop will be. Consequently, higher temperature

levels enhance the kinetic performance of the system. Since a

relatively high heat demand is the main drawback of LOHC-

based systems, it is crucial to strike the right balance be-

tween energy costs and release kinetics.

Only marginal kinetic improvements are achieved for

higher values of the HTR, and, as such, a threshold value is

defined to mark this saturation effect. Although the actual

best choice for the HTRthr value might differ to account for

specific operating conditions and control strategies, a

threshold value of HTRthr ¼ 100 was used in this article,

allowing for a deviation from the DoH reached in an ideal

constant-temperature reactor D%DoHi,constT � 5%.

It must be reiterated that HTR is intended to be a tool for

assessing how close the actual kinetic performance of the

system is to that of an ideal, constant-temperature reactor.

However, the amount of heat required is strictly correlated to

the carrier itself and the reaction temperature: further and

broader analyses are needed to optimise the efficiency of the

whole system.

3.2. Heat transfer optimisation

As mentioned in section 2.1, the reactor design has been

optimised in terms of heat transfer performance and me-

chanical power consumption, with reference to HTF circula-

tion, Eq. (21), and LOHC stirring, Eq. (28). More precisely, the

preceding section demonstrated that achieving a threshold

HTR value guarantees the best trade-off between heat transfer

performance and design requirements: therefore, the opti-

misation procedure relied on the overall power consumption

as the objective function to be minimised:
min PðxÞ ¼ minfPcircðxÞþPstðxÞg (44)

with a non-linear constraint represented by the require-

ment that

HTRðxÞ ¼ HTRthrðxÞ ¼ 100: (45)

The decision variable is the array x containing the

mutually-independent geometric properties of the reactor

(aspect ratio AR, diameter Di, and so on).

The optimisation results displayed in Table 2 show that the

half-pipe coiled reactor is a better solution in terms of energy

savings due to a power requirement that is almost halved. The

gap between the two options is likely to be even greater, since

the power supply to the agitation nozzles was neglected.

These results indicate that in a LOHC system, the reactor can

operate with little power and energy requirements. As a check

of the consistency of the results, impeller power consumption

was also evaluated with Nagata's correlations [52], obtaining a

similar outcome.

Table 2 shows the same optimal AR value for the two lay-

outs. This result is due to the greater contribution of the stir-

ring power to the overall power consumption P, since it is

mainly related to the diameter of the stirrer. A slightly lower P

is required to operate the coiled reactor since better heat

performances can be achieved: as such, a higher mass flow

rate is required for the jacketed reactor. Furthermore, to

achieve the target HTR, both the jacket width and the diam-

eter of the pipes are set at the upper limit of their variability

range. In contrast, the optimal pitch value could actually be

replaced by an optimal range (as seen in Figs. 4 and 5) corre-

lated with the same number of pipes.

Running local optimisation processes shows that similar

results can be achieved with multiple parameter combina-

tions. Consequently, if additional constraints on heat transfer

performance or other aspects such as material usage and

volume, or both, were introduced, different choices might be

best suited. Therefore, those alternative designs would not

significantly impact the energy demand of the system and the

overall storage efficiency. Increasing the size of the system

requires further analysis, since large-scale batch reactorsmay

not be commercially available or sufficiently effective in terms
HTR 100.0 100.0
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Fig. 4 e Influence of different parameters on heat transfer.

Fig. 5 e Influence of the different parameters on the power

consumption with respect to its optimal value.
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of overall efficiency. Therefore, additional requirements

should also take into account parallel reactor configurations.

A sensitivity analysis was run to evaluate the influence of

each parameter over the HTR and the power requirements,

varying each parameter in its range and setting the others to

their optimal value.

Fig. 4 shows the results obtained for HTR: for a set value of

the other parameters, both AR and the diameter of the pipes

have a great influence on the actual performance of the heat

transfer process. On the contrary, due to the limited variability

for the set size of the reactor, the pitch has a limited impact on

the final outcome. On the other hand, the HTF velocity vf is the

most important parameter, with the HTR displaying an almost

linear dependency. In fact, higher velocities lead to both a

higher mass flow rate and better convection. Increasing the

velocity, aspect ratio, or diameter of the pipes leads to better

performance. On the other hand, increasing the pitch reduces

HTR as long as a smaller number of pipes fits the batch height.
The discontinuities that arise are a consequence of the num-

ber of pipes, Eq. (7), being an integer value resulting from a

rounding operation.

Fig. 5 shows the impact of the same parameters on power

consumption and reaffirms the importance of AR and d. The

pitch has amore limited influence, while HTF velocity still has

themost significant impact on the final result in the sameway

as explained in the previous paragraph. Combining this result

with Fig. 2 leads to a key finding: increasing heat transfer to

maintain a constant temperature is both pointless and highly

detrimental in terms of power consumption, as the most

reliable way to increase HTR is through the HTF velocity. As

such, even for suboptimal geometric configurations, limited

variability in the energy costs is expected.
4. Conclusions

Reactors are key elements in LOHC-based systems. This paper

provides a streamlined design procedure to optimise two

types of batch reactors using a lumped-parameter approach.

The lumped-parameter model is effective enough to guide

the preliminary design stage, and the optimisation process

leads to minimising the system's power consumption while

still granting the optimum heat transfer performance.

Different objectives could also be featured in the optimisation

phase, such as material minimisation, volume reduction, and

different definitions of heat transfer effectiveness, here taken

into account through the introduction of the HTR. This

parameter is based on the HTF flow heat capacity, the heat

transfer effectiveness, and the maximum heat rate required

by the LOHC dehydrogenation reaction.

HTR only needs to reach a certain threshold value and is

not to be maximised since no significant kinetic improve-

ments would be achieved once the threshold value is reached.

Although HTR values higher than the threshold do not

significantly improve the thermodynamic performance, the

associated working conditions would most likely require a

higher HTF velocity with a marked increase in power

consumption.

The significant number of different parameter combina-

tions that satisfy the effectiveness lower bound with similar

energy requirements hints at relatively flexible conditions,

and additional constraints could likely be included without

hindering the system's performance.

This design strategy could be applied to other reactor types

(such as PFRs), although the lumped-parameter hypothesis

would need to be tested again. Fast and simple implementa-

tion of dedicated components in object-based programming

languages will then be possible, allowing for a straightforward

analysis of complex energy systems, including dynamic

simulation and control strategies.
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Nomenclature

A area (m2)

b pressure coefficient (bar�1)

c specific heat (J/(kgK))

C heat capacity (J/(kgK))

d tube diameter in coiled reactors (m)

D diameter (m)

DHr reaction enthalpy change (J/kg)

Ea activation energy (J/(molK))

f friction factor (�)

g acceleration of gravity (9.81 m2/s)

h convective heat transfer coefficient (W/(m2K))

H reactor height (m)

k0 pre-exponential factor (l/s)

K empirical parameter

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

n reaction order (�), impeller rotational speed (s�1)

Np number of pipes (coiled reactor)

p pressure (Pa)

P power (W)
_Q heat rate (W)

r reaction rate (mol/s)

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

s pitch between pipes in coiled reactor (m)

S empirical parameter

t time (s), thickness (m)

T temperature (K)

u specific internal energy (J/kg)

U overall heat transfer coefficient (W/(m2K))

v velocity (m/s)

V LOHC volume (m3)

x decision variables

w gravimetric storage capacity (�)

Greek letters

b angular opening of pipes in coiled reactors (◦)

e heat exchanger effectiveness (�)

ef coils fin efficiency

l conductivity (W/(mK))

m dynamic viscosity (Pa s)

r density (kg/m3)

Subscripts

c coil

cr critical

C concentrated (pressure losses)

D distributed (pressure losses)

e external (outer)
f heat transfer fluid

HX heat transfer between HTF and reactor

i internal (inner)

imp impeller

j jacket

l liquid organic hydrogen carrier

m wall material

p constant pressure

v constant volume

w reactor wall

Acronyms

AR Aspect Ratio

DBT DiBenzylToluene

DoH Degree of Hydrogenation

HHV Higher Heating Value

HTF Heat Transfer Fluid

HTR Heat Transfer Ratio

LOHC Liquid Organic Hydrogen Carrier

MH Metal Hydride

NEC N-EthylCarbazole

NTU Number of Transfer Units

PFR Plug-Flow Reactor
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