INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 52 (2024) I1113—1123

journal homepage: www.elsevier.com/locate/he

Available online at www.sciencedirect.com International Journal of
DROGEN

HY
ScienceDirect ENE

Hydrogenation of liquid organic hydrogen carriers:
Process scale-up, economic analysis and

optimization

Check for
updates

Adrian Garcia, Pablo Marin, Salvador Ordénez”

Catalysis, Reactors and Control Research Group (CRC), Dept. of Chemical and Environmental Engineering, University
of Oviedo, Julian Claveria 8, Oviedo 33006, Spain

HIGHLIGHTS

e Process evaluated for 3,5-dibenzyl toluene, 2-methyl indole, N-ethylcarbazole LOHCs.
e Process scale-up and optimization for LOHC hydrogenation: 190 °C and 6 MPa.
e Economic evaluation suggests that 3,5-dibenzyl toluene is the best LOHC.

e Cost of LOHC make-up is the most important for the H, storage cost.

ARTICLE INFO

Article history:

Received 25 July 2022
Received in revised form

8 May 2023

Accepted 24 June 2023
Available online 10 July 2023

Keywords:

Hydrogen

Energy storage
Hydrogenation
Economic assessment
Optimization

ABSTRACT

Hydrogen has been proposed as energy vector because it can be produced from renewable
energy sources and its use produces no carbon dioxide. Moreover, many industrial pro-
cesses (e.g., steel industry, ammonia, and fertilizer industry, etc.) are also adopting
renewable-produced hydrogen as raw material, replacing traditional fossil sources. In this
context, the storage and transportation of hydrogen using liquid organic hydrogen carriers
(LOHC) is interesting to deal with the discontinuous production of renewable energies.
The work addressed the study of the hydrogenation process for three compounds, 3,5-
dibenzyl toluene, 2-methyl indole and N-ethylcarbazole, on Ni and Ru-based catalysts. The
reactor consisted of a three-phase slurry stirred tank reactor, which has been scale-up
together with the rest of the process equipment units using Aspen Hysys simulation
software. The hydrogen storage cost has been determined applying an economic evalua-
tion to the overall process. The most important costs of the process are the reactor cost and
the cost of raw materials (the liquid organic hydrogen carrier). The main design variables,
plant capacity, reactor temperature and pressure, were optimized to reduce the storage
cost. The liquid organic hydrogen carrier with the minimum storage cost at the optimum
operating conditions is 3,5-dibenzyl toluene with a reactor configuration of two parallel
tanks.
© 2023 The Author(s). 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/).
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Introduction

After decades of increasing CO, emissions to the atmosphere,
world climate is being affected at large scale. From the Artic to
the Equatorial regions, temperature and climate instability is
increasing. The use of fossil fuels for energy production and
industrial purposes is the main source of anthropogenic CO,
emissions. Furthermore, the availability of fossil resources
(e.g., petroleum and natural gas) is concentrated in few
countries. For this reason, the actual energetic model creates
strong dependencies and strains in the global geopolitics,
supports dictatorships that deny human rights, and use the
fuel supply as a weapon. In this context, the European Union
is determined to decarbonize the economy and abandon the
use of fossil fuels, as soon as possible [1].

Several measurements have been proposed and imple-
mented to reduce CO, emissions, such as, the increase of ef-
ficiency and save of energy, the promotion of renewable
energies and biofuels, etc. [2,3]. One important problem of
most of the renewable energies in expansion, like wind and
solar, is the high variability in their production. For this reason,
different methodologies are being developed to store energy,
when there is an excess of generation, and to use this excess
when there is a deficit of generation. The electrical energy
must be transformed into other type of energy for the storage,
for instance, mechanical energy in damps and pressurized
vessels or chemical energy in electrical batteries. In these
systems, during the discharge stage the energy is recovered as
electrical energy, which can be introduced in the network.
However, these forms of energy storage might not be suitable
for the industry, which typically consumes considerable
amounts of energy. In many cases, like in chemical, food and
process industries, the energy is consumed as thermal energy,
so the use of hydrogen as energy carrier is a better choice [4—7].

Hydrogen can be produced by electrolysis during periods of
generation surplus from renewable sources. Hydrogen is a
viable candidate as energy carrier: it is a concentrated energy
source, it does not produce pollutants during utilization and it
can be used as raw material, replacing other fossil sources. In
the chemical industry, hydrogen is used as reducing agent for
the manufacture of many chemicals, such as, ammonia (used
to produce fertilizers), methanol (used as solvent, production
of special chemicals, polymers, and resins), hydrogenation of
organic compounds, etc. In the iron and steel industry, the use
of hydrogen in the direct reduction of iron process is called to
replace the traditional blast furnace process based on the use
of coke [8,9].

The storage of hydrogen is particularly important to couple
a discontinuous renewable production with a continuous in-
dustrial use. There have been proposed different alternatives
of storage, as summarized below [10—12]. The physical
methods consists on the storage of hydrogen in tanks, as a
compressed gas (50—70 MPa) or liquefied (—253 °C) [13]. The
main drawbacks of these methods are safety and the low
energy density of the storage.

The adsorption methods are based on the use of solids,
typically porous materials with high surface area, capable of
adsorbing hydrogen of their surface. Materials, like active
carbon, carbon nanotubes or zeolites, have been investigated;

however, the conditions required to storage (—200 °C and
5.5 MPa) limit their practical applications [14—16].

The reaction methods use hydrogen as reactant to
generate chemical compounds suitable for the storage. The
reactions involved must be reversible to recover the hydrogen
molecule from the compound when needed. The use of metal
hydrides (like LiBHy) [10,17], ammonia, methanol, formic acid
and unsaturated liquid organic compounds has been investi-
gated [11,18,19]. Ammonia is very interesting due to its high
hydrogen density and the direct applications in industry
[7,18,20]. Methanol and formic acid have moderate storage
capacity and they can be generated directly by electrolysis
[21]; however, at the point of use, where hydrogen is released,
CO, is emitted [22,23].

The unsaturated liquid organic hydrogen carriers (LOHC)
are organic compounds capable of reacting with hydrogen to
generate a saturated form. The hydrogenation reaction is an
exothermic reaction, requiring high pressure, moderate tem-
perature, and the use of a catalyst. The reverse dehydroge-
nation is an endothermic catalysed reaction, favoured at low
pressure (typically atmospheric) and high temperature [24,25].
The main advantages of unsaturated LOHC are their handling
easiness, safety, and the possibility of using the actual infra-
structure for petroleum oil and derived fuels. This is very
interesting to reduce the investment and help to redeem the
systems and installations in use with fossil fuels [26,27].

The compounds considered as LOHC must fulfil some re-
quirements, such as, high capacity (minimum 5 wt %), avail-
ability (easy to produce and inexpensive compounds), low
toxicity, ease of handling (high boiling and low freezing points,
stability), and low dehydrogenation temperature (too high
temperature would increase considerably the operational costs)
[28]. Most commonly proposed LOHC are aromatic compounds
(benzene, toluene, benzyl toluene, dibenzyl toluene, naphtha-
lene or biphenyl) [24,29-32] and heterocyclic compounds
(quinoline, 2-(N-methylbenzyl)pyridine, N-ethylcarbazole or 2-
methyl indole) [33—37]. The aromatic compounds have a
higher hydrogen storage capacity (>6 wt %), but require a higher
temperature for dehydrogenation (more than 270 °C, against
150-190 °C of the heterocycle compounds) [26,38,39].

Although there are many published papers about the
screening of chemicals and catalysts for being used for this
purpose, there is a general lack of information about the
designing of these units. It should be considered that, although
the involved reactions are known from other applications, re-
action conditions are quite different in the LOHC application.
Aspect as the absence of solvents in the hydrogenation steps
completely modify the design of these reactors. Thus, the
scope of this work is to perform a detailed design and opti-
mization of the hydrogenation step (LOHC loading) using three
different commonly used LOHCs (3,5-dibenzyl toluene, 2-
methyl indole and N-ethylcarbazole). These products are
commonly proposed in the literature as LOHCs because of their
physics-chemical properties, summarized in Table 1.

The first compound, 3,5-dibenzyl toluene, is an aromatic
hydrocarbon with industrial applications as thermal fluid.
This compound can be hydrogenated into perhydro-dibenzyl
toluene at 140 °C and up to 70 MPa using supported precious
metal catalysts (e.g., Ru/Al,O3 or Pt/Al,05) without formation
of secondary or degradation products [32,40—42].
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Table 1 — Properties of the LOHC studied in the present work.

Name 3,5-dibenzyl toluene 2-methyl indole N-ethylcarbazole
Formula
O OO )

N N

H
Freezing —39°C 58 °C 70 °C
Boiling 390 °C 273°C 295 °C
Stoichiometry coef. 9 mol Hy/mol LOHC 4 mol Hy/mol LOHC 6 mol Hy/mol LOHC
Reaction enthalpy —530 kJ/mol —206 kJ/mol —342 kJ/mol
Weight capacity 6.2 wt% 5.8 wt % 5.6 wt%
Volumetric capacity 762 L Hy/L 705 L Hy/L 736 L Hy/L
H, solubility at 1 MPa, 150 °C 17.6 mol/m?> 16.3 mol/m? 17 mol/m?>

The other two compounds, 2-methyl indole and N-ethyl-
carbazole, are both heterocycle compound with equivalent
properties. Like for 3,5-dibenzyl toluene, the hydrogenation
takes place using supported precious metal catalysts at
similar conditions [36,37,43—45]. These compounds are also
stable and non-toxic, but the hydrogenated forms have high
freezing points, which can complicate the storage. The main
advantage of these compounds is their lower dehydrogena-
tion temperature [34].

The proposed reactor consisted of a continuous three-phase
stirred tank slurry reactor. Hydrogen is fed in excess, so
unreacted hydrogen is separated and recycled to the reactor.
This reactor type is more advantageous for heat and mass
transfer. The hydrogenation reactions are very exothermic (see
reaction enthalpies reported in Table 1) and, given that no
solvents are used, temperature must be carefully controlled.
Stirred tanks equipped with a jacked for refrigeration are sim-
ple and efficient. In stirred tank reactors, the catalyst is in the
form of a slurry. To facilitate the suspension, the catalyst par-
ticles must be of small size, which means that mass transfer to
the particles and in the inside is fast. The use of a stirred also
helps to transfer and dissolve hydrogen in the liquid phase. For
these reasons, the use of stirred tank reactors is a good option
to carry out the hydrogenation process at the industrial scale.

The reactor scale-up has been based on a kinetic model of
the respective hydrogenation catalytic reactions; the influ-
ence of mass transfer on reaction rate has been estimated and
discussed. In the economic evaluation section, the capital
investment and operating costs of the process are estimated
and used to determine the unitary cost of hydrogen storage.
Finally, the main operating and design variables of the process
are optimized by means of a sensitivity analysis with the aim
of decreasing the unitary cost of hydrogen storage.

Material and methods
Kinetic model

The catalytic hydrogenation of the LOHC is a three-phase re-
action involving gaseous hydrogen, liquid LOHC and the solid

catalyst. This reaction is accomplished according to three
steps in series: (1) hydrogen transfer and dissolution in the
liquid phase, (2) hydrogen transfer to the catalyst surface and
(3) reaction on the catalyst surface. Using the film theory to
describe the mass transfer steps and assuming a reaction ki-
netics of first order with respect to each reactant (LOHC and
H,), the following equations can be formulated:

—Ty, =Ry (P2 / Hu, — Cuylig) (1)
—Th, :fsaPkC (CHZqu - CH2 sup) (2)
_TTH, _
—TLoHC = = fskvCroncCh, sup (3)
VH,
Where —ry, and —ronc are, respectively, the hydrogen and

LOHC, reaction rates per unit volume of reactor, vy, is the
stoichiometric coefficient of H, in the hydrogenation reaction
(see Table 1), ak; is the gas-to-liquid mass transfer coefficient,
apkc is the liquid-to-solid mass transfer coefficient, k, is the
kinetic constant per unit volume of catalyst (i.e., k, = Rwpcar),
Pu, is the partial pressure of hydrogen in the gas phase, Hy, is
the Henry's law constant for hydrogen, Cy,;y and Cy, sy are,
respectively, the molar hydrogen concentrations in the bulk
liquid and the surface of the catalyst, Ciouc is the molar con-
centration of LOHC, and f; is the volumetric fraction of catalyst
in the reactor.

Equations (1)—(3) have been solved for Cy,ji; and Cy, sup, to
obtain an expression of the reaction rate as a function of
hydrogen partial pressure, the transport coefficients and the
kinetic constant. The reaction rate of the LOHC is given by the
following expression, where each term of the denominator
corresponds to a resistance (respectively, mass transfer to the
liquid phase, mass transfer to the catalyst surface and
reaction):

(/) @)

—TroHc = = 7
v Hy Hy 1
H aky, +stka +fSkUCLOHC

For the case of fast mass transfer steps with respect to the
reaction, eq. (4) can be simplified eliminating the first two
terms of the denominator:
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—Tronc = fs kv Cromc Pu, / Hy, (5)

The reactions considered in the present work are the hy-
drogenation of 3,5-dibenzyl toluene on Ni Raney, and 2-
methyl indole and N-ethylcarbazole on Ru/Al,05. The kinetic
constants have been calculated using reaction experiments
from the bibliography, which were carried out in the absence
of mass transfer resistances [41,44,45]. Arrhenius-type
dependence with temperature of the kinetic constant is
assumed, k, = kye /R, where k, is the pre-exponential
factor, E, is the activation energy, R is the ideal gas constant
and T is temperature. Table 2 shows the fitted parameters of
the kinetic model, eq. (5).

Process simulation

The study of the hydrogenation process has been carried out
by simulating with the software Aspen Hysys. Peng-Robinson
thermodynamic model was selected, and the properties of the
hydrogenated compounds were introduced in the model.

Fig. 1 shows the flowsheet of the hydrogenation process.
The hydrogenation reactor is a three-phase slurry reactor,
equipped with a mechanical stirrer to maintain the solid
catalyst in suspension and a diffuser to disperse hydrogen gas
in the liquid LOHC. This reactor has been modelled using the
continuous stirred tank reactor model, which assumes perfect
mixture inside the reactor. The kinetic model of section 2.1
has been used to predict reaction rates. Two cases have been
considered, a reactor made of one tank and two tanks in se-
ries; the latter one corresponds to the flowsheet shown in
Fig. 1.

Hydrogen fed to the process is produced in an electrolytic
cell using renewable electricity and water. Typical electrolytic
cells operate at 6 MPa and 80 °C [46], so these are the conditions
chosen for the hydrogen feed stream. The reactor operates
using hydrogen in excess to shift the reaction towards products.
However, given its low solubility, not all the hydrogen is dis-
solved in the liquid. As shown in Fig. 1, the hydrogen streams
leaving the reactors without dissolving and reacting are recy-
cled and mixed with the fresh feed. This loop of hydrogen is
important to maintain the required excess of hydrogen and a
good dispersion of the gas inside the liquid phase.

The LOHC is introduced in the tanks using pumps. At the
end of the process, the hydrogenated form of the LOHC is
cooled in a heat exchanger and expanded to atmospheric
pressure. This causes that a bit of dissolved unreacted
hydrogen desorbs from the liquid phase. This gas can be
vented or, otherwise, collected, recompressed, and recycled to
the reactor.

Table 2 — Hydrogenation kinetic model of the LOHC used
in the present work [41,44,45].

3,5-dibenzyl 2-methyl N-
toluene indole  ethylcarbazole
Catalyst Ni-Raney Ru/Al,03 Ru/Al,03
In kyo (m>/mol s) 12.1 18.2 22.5
E, (kJ/mol) 48.4 73.8 93.9
Temperature (°C) 150—200 120-170 120-170
Source data [41] [44] [45]

Results and discussion
Assessment of mass transfer limitations

The reactor selected to carry out the three-phase hydrogena-
tion reaction consists of a slurry stirred tank. This reactor is
equipped with a mechanical stirrer to maintain the solid
catalyst in suspension and a diffuser to disperse hydrogen gas
in the liquid LOHC. In order to help the suspension of the
catalyst, a particle size of 0.1 mm and a fraction catalyst of
0.5 vol % have been selected [47]. As shown in egs. (4) and (5),
higher catalyst fractions (f,,) result in higher reaction rates but
hindering the catalyst-liquid mixing. In these multi-phase
systems, good mixing inside the reactor is ensured using, at
least, a stirring speed of 90 rpm and a specific power of 1.6 kW/
m? [47].

The mass transfer coefficients of eq. (4) have been deter-
mined using correlations for stirred tanks [48,49]. These cor-
relations have been evaluated using the above parameters
and the physical properties, estimated at a temperature of
190 °C. The results of the calculations are summarized in
Table 3. As shown, the estimated mass transfer resistances
are much lower than the reaction one. This means that the
reaction step is the slowest one and controls the overall re-
action rate. The main operating and design variables affecting
the mass transfer resistances are stirring speed (90 rpm) and
power (1.6 kW/m?>), catalyst particle size (0.1 mm) and catalyst
fraction (0.5 vol %). The values considered for these variables
were chosen to maintain good catalyst suspension and mix-
ing, and, at the same time, they were enough to make mass
transfer resistances negligible.

Process scale-up and simulation

The hydrogenation process has been simulated and scaled up
considering the kinetic model presented in section 2.2. The
nominal capacity supposed for the process is 6 MW of
hydrogen power, which corresponds to a H, consumption of
1578 t/year. According to the reaction kinetics, a reactor
temperature of 170 °C and pressure of 6 MPa are appropriate to
operate the reactor, so these values were fixed as a first esti-
mation. These variables will be optimized in the sensitivity
analysis of section 3.4.

Considering these specifications, the reactor volume
required to achieve 99% conversion of the LOHC was calcu-
lated. A height of liquid inside the tank equals to the diameter
is assumed to size the tank. For the case of 3,5-dibenzyl
toluene and 2-methyl indole, it is considered the possibility
of using either a reactor made of one tank or, otherwise, two
tanks in series. The latter option is interesting to reduce the
total reactor volume for the same final conversion, because a
higher LOHC concentration in the first tank increases the re-
action rate. For N-ethylcarbazole, the reaction rate is lower
and the option of using only one tank is discharged, because of
the large volume required.

The hydrogenation reactions are exothermic (the en-
thalpies of the reaction are displayed in Table 1), so the re-
actors require refrigeration to maintain the desired reaction
temperature. The refrigeration of the reactors is done using
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Fig. 1 — Flowsheet of the hydrogenation process.

Table 3 — Assessment of mass transfer limitations in the
slurry reactors at 190 °C.

3,5- 2- N-
dibenzyl methyl ethylcarbazole
toluene indole

Kinetic constant, k, 0.6 0.2 0.01
(m*/mol s)

Gas-to-liquid mass transfer 0.096 0.12 0.10
coefficient, ak; (s [48]

Liquid-to-solid catalyst 215 255 232
mass transfer coefficient,
apkc (Sil) [49]

Resistances (s)
Gas-to-liquid, 1/ ak; 10.4 8.3 10
Liquid-to-solid, 1/ fsapkc  0.93 0.78 0.86

Reaction, 1/ fskyCronc 7.1 -10* 21.3-10* 426 - 10*

cooling water that flows through the reactor jacket, given that
the use of coils is not recommended for slurry reactors. The
area needed for the reactor jacket is calculated using an
overall heat transfer coefficient of 0.5 kW/m? K. In case this
area is larger than the available in the tank, its geometry is
adjusted to fulfil with the cooling requirements. Table 4 shows
the results of the scale-up for the main units of equipment.

The power consumed by the impeller of the reactor, the
compressor and pumps has also been calculated. This is
needed to estimate the consumption of electricity and the
operating costs.

Table 4 — Scale-up of the main units of equipment.

3,5- 2-methyl N-ethyl
dibenzyl indole carbazole
toluene
1 2 1 2 2

tank tanks tank tanks  tanks
H, feed (kg/h) 185 186 180 190 182
LOHC flow rate (m%h) 3.35 335 328 3.42 3.35
Reactor size (m> each 8 8 8 6 6
tank)
Compressor (kW) 216 237 23 20 115
Pump (kW) 75 75 74 77 7.6
Heat exchanger area 12 13 13 13 12
(m?)
Separator (m?) 031 031 26 0.43 1.52

Economic evaluation

The aim of this section is to carry out an estimation of the
costs of the process, in order to calculate the cost of H, stor-
age. The cost of the process is divided into capital investment
and operating costs.

The capital investment has been estimated as a function of
the cost of the main pieces of equipment (reactors, separator,
compressor, etc.). The purchase cost of the equipment units
has been calculated using correlations from the bibliography
[50], which depends of the corresponding design variables
displayed in Table 4. The purchase costs have been updated to
2021 using the Chemical Engineering Process Cost Index
(CEPCI). The delivery cost of the equipment units is estimated
as 10% of the purchase cost. The capital investment includes
the fixed capital (cost of equipment, installation, piping,
instrumentation, electrical, building, services, engineering,
contingencies, etc.) and working capital (estimated as 15% of
the total investment). The total capital investment is calcu-
lated as 6.05 times the total cost of the delivered equipment
units. Further details can be found in the bibliography [51].
The results of these estimations are summarized in Table 5.

The LOHC process requiring the lowest capital investment
is the one based on 3,5-dibenzyl toluene and a reactor of one
tank. The options based on a two-tank reactor require, in
general, a higher capital investment. The piece of equipment
with the higher contribution to the total cost is the reactor
(40—50%), so the cost of an additional tank has an important
influence. The process based on N-ethyl carbazole requires
the higher capital investment.

The total investment has been annualized considering a
10-year period and an interest rate of 15%,; the corresponding
annual capital charge ratio (ACCR) is 0.199 [50].

The operating costs are divided into fixed cost (insurances
and taxes) and variable costs (raw materials, labour, utilities,
etc.). The estimates of these costs according to the method-
ology proposed in the bibliography [51] is summarized in
Table 6. The main costs correspond to raw materials, utilities
(cooling water, 2.17 €/1000 kg) and electricity (0.0645 €/kWh).

Regarding the raw materials, it is considered that most of
the LOHC can be re-used after H, is released in the dehydro-
genation process. For estimating purposes, 90% of the LOHC
feed flow rate would correspond to re-used compound and the
remaining 10% to make-up. The make-up would compensate
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Table 5 — Summary of the capital investment calculations (currency in Euro).

INVESTMENT 3,5-dibenzyl toluene 2-methyl indole N-ethyl carbazole
1 tank 2 tanks 1 tank 2 tanks 2 tanks
Reactors 112 500 225 000 113 000 191 000 191 000
Agitation 18 000 53 600 53 600 45 100 90 100
Compressors 39 000 56 000 54 700 51 000 126 000
Pumps 4900 9900 4800 9700 9600
Heat exchangers 29700 51 200 29 800 51 300 30 300
Separator 36 700 36 700 37 600 36 700 37 000
Total equipment cost 240 800 432 400 293 500 384 800 484 000
TOTAL CAPITAL INVESTMENT 1623 300 2910 000 1970 000 2590 000 3260 000
ANNUALIZED INVESTMENT 323 000 579 000 392 000 516 000 648 000

Table 6 — Summary of the operating costs calculations (currency in Euro).

OPERATING COSTS 3,5-dibenzyl toluene 2-methyl indole N-ethyl carbazole
1 tank 2 tanks 1 tank 2 tanks 2 tanks
Fixed costs
Insurances 27 600 49 500 33 500 44 000 55 400
Taxes 13 800 24 700 16 800 22 000 27 700
Variable costs
Raw materials 2 217 000 2220 000 2 250 000 2350 000 4 290 000
Labour 771 000 771 000 771 000 771 000 1 030 000
Supervision 116 000 115 000 115 000 116 000 154 000
Utilities 1378 000 1 390 000 1030 000 1 080 000 1390 000
Electricity 40 100 64 500 43 700 47 800 160 000
Maintenance 96 600 173 000 117 000 154 000 194 000
Supplies 14 500 26 000 17 600 23 000 29 000
Laboratory 116 000 116 000 116 000 116 000 154 000
Cannon 88 700 88 700 89 900 94 000 171 000
Catalyst 2600 2600 400 000 200 000 300 000
TOTAL OPERATING COST 4 881 900 5041 000 5 000 500 5017 800 7 955 100

losses of LOHC in the transportation, storage, or hydrogena-
tion/dehydrogenation processes. Therefore, only the cost of
that 10% of LOHC is accounted for in the operating costs of
Table 6. The prices of the LOHC are 0.90 €/kg for 3,5-dibenzyl
toluene, 0.86 €/kg for 2-methyl indole, and 1.64 €/kg for N-
ethyl carbazole. It should be noted that as the storage tech-
nology is spread and optimized, the LOHC recovery may in-
crease and the amount of make-up considerably reduced,
improving the economy of the process.

The operating costs are quite similar for 3,5-dibenzyl
toluene and 2-methyl indole for the different process config-
urations with one and two tanks. However, they are consid-
erably higher for N-ethyl carbazole, which is due to the higher
price of this LOHC.

Table 7 shows a summary of the total annual costs,
including the annualized investment and the operating costs,
for the different alternative LOHC. The lowest total annual
cost corresponds to 3,5-dibenzyl toluene and the case of using
a reactor of one tank. The cost of H, storage has also been
calculated using the actual plant capacity and H, consump-
tion. The nominal design H, plant capacity was fixed to 6 MW.
However, after the scale-up, the actual plant capacity can be
slightly higher (deviations are within 5%). This is mainly due
to reactor over-sizing to ensure an adequate heat removal to
the tank jacket.

For 3,5-dibenzyl toluene, the cost of H, storage is 3.22 €/kg
for the one-tank configuration. Nevertheless, the costs for 3,5-

dibenzyl toluene and 2-methyl indole are remarkably close, in
the range 3.22-3.45 €/kg. The cost of N-ethyl carbazole is
clearly higher 5.38 €/kg.

Sensitivity analysis

The aim of the sensitivity analysis is the study of the main
operation and design variables on the production cost of
hydrogen. The considered variables are plant capacity
(measured in terms of hydrogen power), reactor temperature
and pressure. These variables have been varied one at a time
with respect to the base case of sections 3.2 and 3.3 (respec-
tively, 6 MW of hydrogen power, 170 °C and 6 MPa). For each
combination of variables, the main pieces of equipment of the
plant (i.e., reactor, vessels, heat exchangers and pumping)
have been sized, the capital and operational costs determined,
and the production cost of hydrogen calculated, as explained
in sections 3.2 and 3.3.

Fig. 2 (left) shows the results for the process based on 3,5-
dibenzyl toluene as LOHC. The configuration of a reactor
made of one and two tanks has been compared in terms of
the production cost of hydrogen. The plant capacity has the
highest influence on the production cost of hydrogen, which
decreases sharply in the range 2—10 MW, above 10 MW, with
H, costs around 3 €/kg, the influence is less marked. The
curves for one and two tanks are close, being the configura-
tion made of one tank more favourable. This curve is
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Table 7 — Summary of process costs and calculation of H, storage cost (currency in Euro).

3,5-dibenzyl toluene 2-methyl indole N-ethyl carbazole
1 tank 2 tanks 1 tank 2 tanks 2 tanks

ANNUALIZED INVESTMENT 323 000 579 000 392 000 516 000 648 000
OPERATING COST 4 881 900 5041 000 5 000 500 5017 800 7 955 100
TOTAL ANNUAL COST 5204 900 5620 000 5392 500 5533 800 8 603 100
H, plant (MW) 6.2 6.2 6.0 6.3 6.1

H, consumption (t Hy/year) 1630 1630 1580 1660 1600
Storage cost (€/kg H,) 3.22 3.45 3.41 3.32 5.38

Hydrogen cost (€/kg)
N

Hydrogen cost (€/kg)
S

2 1 1 1 2 1 1 1
0 5 10 15 20 0 5 10 15 20

Plant capacity (MW) Plant capacity (MW)

38 | 3.8

36 | 36

34 34

=

3.2 3.2

Hydrogen cost (€/kg)
Hydrogen cost (€/kg)

3 1 1 3 1 1
140 160 180 200 140 160 180 200
Reactor temperature (°C) Reactor temperature (°C)

ot

o]
T

W

o]
T

Hydrogen cost (€/kg)
w
-9

Hydrogen cost (€/kg)
w
N

w
[e)]
T
w
[e)]
T

v
N
T
o
N
T

3 1 1 3 1 1
4.5 5.5 6.5 75 4.5 5.5 6.5 7.5
Reactor pressure (MPa) Reactor pressure (MPa)

Fig. 2 — Sensitivity analysis of the main design variables on hydrogen cost. Left graphs: 3,5-dibenzyl toluene with a reactor
of one (—) and two (—) tanks in series. Right graphs: 2-methyl indole with a reactor of one (—) and two (—) tanks in series.
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particularly useful to select the plant capacity for a given
application.

The reactor temperature has almost no influence on the
production cost of hydrogen, being the configuration with one
tank the best option. On increasing reaction temperature, the
reaction rate increases (according to Arrhenius equation and
the kinetic parameters of Table 2), which may lead to a lower
reactor size and cost. However, the LOHC 3,5-dibenzyl toluene
has a remarkably high reaction enthalpy (—530 kJ/mol, Table
1) and the reactor must be designed to extract all this heat
and maintain the required temperature. For this reason, the
reactor volume cannot be reduced and there is no benefit
when increasing temperature.

Finally, the reactor pressure has no influence on H, cost
up to 6 MPa and, above this value, the cost increases linearly.
This behaviour is explained because hydrogen is supplied
from an electrolytic cell at 6 MPa. Thus, above 6 MPa, a
compressor is required to raise pressure and, hence, the
costs increase.

The sensitivity analysis for 2-methyl indole is shown in
Fig. 2 (right). The influence of plant capacity on hydrogen cost
has a similar curve to that of 3,5-dibenzyl toluene. At low plant
capacity values, the cost decreases sharply and, for high
values, it decreases asymptotically to a value around 3 €/kg.
For this LOHC, there is no difference between one and two
tanks since their curves overlap.

In this case, the reactor temperature has a positive in-
fluence on the cost of H,, particularly for the configuration
with one tank. This LOHC has a lower reaction enthalpy,
and the reactor design is ruled by the reaction kinetic, rather
than the heat exchange to the tank jacket. Thus, on
increasing the reaction temperature, reaction rate increases
and, hence, the reactor volume and cost decreases, leading
to a lower H, cost. For a reactor configuration of two tanks,
this behaviour is not observed, because the reduction in the
total reactor volume obtained with two tanks cannot be
implemented due to the requirements of the reaction heat
removal. Regarding the reactor pressure, the behaviour is
quite similar to 3,5-dibenzyl toluene with an increase of H,
cost above 6 MPa.

The sensitivity analysis of the last LOHC, N-ethylcarbazole,
for the case of a reactor configuration of two tanks is shown in
Fig. 3. The curves of the other LOHCs for the same reactor
configuration have also been included. It can be observed that
the overall behaviour of N-ethylcarbazole can be extrapolated
from that of the other LOHC. However, the H, cost scale range
is much higher for this LOHC. The reactor temperature has a
small influence on the cost, which decrease on increasing
temperature. This can be explained by the lower reaction rate
of this LOHC, which means that the reactor sizing is ruled by
the reaction kinetics. The trends of plant capacity and reactor
pressure are similar to the other LOHC.

Overall, it can be said that 2-methyl indole is the LOHC
providing the lowest H, storage cost; however, 3,5-dibenzyl
toluene performs similar with a slightly higher cost.

The optimum design variables are plant capacity of 18 MW,
reactor temperature of 190 °C and pressure of 6 MPa. As shown
in Fig. 3, the plant capacity has an asymptotic behaviour,
which means that an increase above 18 MW produces little
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Fig. 3 — Sensitivity analysis of the main design variables on
hydrogen cost for a reactor made of two tanks in series.
Comparison of LOHC: (—) 3,5-dibenzyl toluene, (—) 2-
methyl indole and (—) N-ethylcarbazole.

reduction on the cost. However, larger plants required higher
capital investment and have a reduced operability, e.g., to
adapt to market variations. For this reason, 18 MW is selected
as an adequate optimum value.
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Table 8 — Summary of the economic analysis for the optimum conditions: 18 MW of plant capacity, 190 °C of reactor

temperature and 6 MPa of pressure (currency in Euro).

3,5-dibenzyl toluene

2-methyl indole

2 tanks parallel 2 tanks series 1 tank 2 tanks series
Reactor size (m?, each tank) 14 40 25 25
TOTAL CAPITAL INVESTMENT 3700 000 6550 000 3 400 000 5070 000
ANNUALIZED INVESTMENT 740 000 1300 000 670 000 1 010 000
OPERATING COSTS 12 540 000 12 950 000 12 710 000 12 550 000
TOTAL ANNUAL COST 13 280 000 14 250 000 13 380 000 13560 000
H, plant power (MW) 18.5 18.6 17.8 18.1
H, consumption (t Hy/year) 4860 4890 4680 4760
H, storage cost (€/kg Hy) 2.73 2.92 2.86 2.86

Process scale-up and economic analysis at optimum
conditions

The plant has been scale-up at the optimum conditions
determined in the sensitivity analysis of the previous section:
plant capacity of 18 MW, reactor temperature of 190 °C and
pressure of 6 MPa. Table 8 summarizes the main economic
indicators and the H, storage cost for the two LOHC that
performed better: 3,5-dibenzyl toluene and 2-methyl indole.
The reactor configurations with one and two tanks were
considered. However, for 3,5-dibenzyl toluene, the use of just
one single tank would require large tank size, exceeding the
maximum recommended. Therefore, the use of two tanks in
parallel of equal size was considered for this case.

The economic analysis for the optimum conditions in-
dicates that the process with the lowest capital investment is
the one based on 2-methyl indole with a reactor of one tank.
The operating costs are quite similar for all the processes, the
lowest one being that based on 3,5-dibenzyl toluene with a
reactor of two tanks in parallel. This process is also the one
with the lowest total annual cost and hydrogen storage cost,
2.73 €/kg. Consequently, this is the recommended process
and operating conditions of all the processes studied in this
work. The use of a reactor made of two tanks in parallel reduce
considerably the capital investment and makes it easier the
control of the reactor temperature.

The generation of hydrogen using renewable energy (e.g.,
solar and wind power) may suffer from intermittent
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production with periods of surplus (for example, in spring-
summer) and periods of depletion, when the plant must be
stopped. The economic analysis has been carry out consid-
ering a 10-year period (with interest rate of 15%) to annualise
the capital investment and that the plant operates for 300 days
every year. In case the plant operated for fewer days a year,
the consumption of H, and generation of LOHC would
decrease and, hence, the cost of H, storage would increase. To
evaluate the impact of this, one should examine the contri-
bution of the different costs to the total annual costs. Thus,
94% of the total annual costs correspond to operating costs
(Table 8), of which 74% are due to raw materials (mainly LOHC
make-up) and utilities (Table 6). When the plant stops, raw
materials and utilities are not consumed. Since they are the
greater contributors to the total annual costs (70% of them)
and the H, storage cost, the impact of fewer operating days a
year would be limited.

To verify this, the influence on the H, storage cost of the
annual usage of the plant capacity has been evaluated for the
case of the 3,5-dibenzyl toluene process with a reactor of two
tanks in parallel (the process with the lowest H, storage cost).
The nominal plant capacity is 18 MW, (Table 8). As shown in
Fig. 4a, if the annual use of plant capacity decreases to a 50% of
the nominal, the storage cost will increase ca. 20%.

In the calculations, it was assumed a LOHC recovery of 90%
considering all the stages, i.e., hydrogenation, storage, and
dehydrogenation. The LOHC recovery is negatively affected by
undesired reactions, taking place during the hydrogenation

N w N
T T T

Hydrogen cost (€/kg)
[y

o 1 1 1 1 1
75% 80% 85% 90% 95% 100%

b) LOHC recovery (%)

Fig. 4 — Analysis of the influence of the annual use of plant capacity (a) and LOHC recovery yield (b) on the hydrogen storage
cost. Nominal plant capacity: 18 MW. LOHGC: 3,5-dibenzyl toluene with a reactor of two tanks in parallel. Bar diagrams:

annualized investment and operating costs.
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and dehydrogenation, and transforming the LOHC into other
compounds not suitable for hydrogen storage. One of the most
important criteria when selecting a LOHC candidate is their
high selectivity, to reduce the formation of these undesired
compounds.

As shown in the sensitivity analysis of Fig. 4b, the LOHC
recovery has an important impact on the final cost of
hydrogen storage. The operating costs, of which the most
important is the cost of the LOHC make-up, have a great
impact in the storage costs. Thus, for 3,5-dibenzyl toluene, an
increase of LOHC recovery from 90% to 99% would decrease
the storage cost from 2.73 to 1.50 €/kg (these figures corre-
spond to the optimized process). This increase in recovery is
plausible as the technology is completely developed and
stablished to industrial scale.

Conclusions

The adequacy of 3,5-dibenzyl toluene, 2-methyl indole and N-
ethylcarbazole as liquid organic hydrogen carriers (LOHC) has
been evaluated. The hydrogenation of these compounds in
three-phase stirred tank reactors, loaded with a slurry of Ni and
Ru-based catalysts, has been scaled-up. The proposed process
is formed by the following stages: compression, reaction, sep-
aration, and hydrogen recycle. An economic evaluation per-
formed on the process suggested that the most important costs
are the operating costs associated to raw materials (the LOHC)
and the investment cost corresponding to the reactor.

The influence of the main operating variables on the cost of
hydrogen storage has been evaluated by means of a sensitivity
analysis. The optimum variables are plant capacity, 18 MW,
reactor pressure, 6 MPa, and reactor temperature, 190 °C. The
LOHC with the minimum hydrogen storage cost at optimum
operating conditions is 3,5-dibenzyl toluene with 2.73 €/kg.
Specifically, a reactor configuration made of two stirred tanks
in parallel was found to be optimum. It can be concluded that
the storage cost can be reduced considerably (even down to 1.5
€/kg) by increasing the LOHC recovery of the overall storage
process (made of hydrogenation, storage, and dehydrogena-
tion stages). Given the high selectivity of the involved re-
actions, this is plausible in the short term as the technology is
established at industrial scale.
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