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ABSTRACT

In the transition towards a more sustainable energy system, hydrogen is seen as the key
low-emission energy source. However, the limited H, volumetric density hinders its
transportation. To overcome this issue, liquid organic hydrogen carriers (LOHCs), mole-
cules that can be hydrogenated and, upon arrival, dehydrogenated for H, release, have
been proposed as hydrogen transport media. Considering toluene and dibenzyltoluene as
representative carriers, this work offers a systematic methodology for the analysis and the
comparison of LOHCs, in view of identifying cost-drivers of the overall value-chain. A
detailed Aspen Plus process simulation is provided for hydrogenation and dehydrogena-
tion sections. Simulation results are used as input data for the economic assessment. The
process economics reveals that dehydrogenation is the most impactful cost-item, together
with the carrier initial loading, the latter related to the LOHC transport distance. The choice
of the most suitable molecule as H, carrier, ultimately, is a trade-off between its hydro-
genation enthalpy and cost.
© 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 license (http://creativecommons.org/
licenses/by/4.0/).
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Abbreviations

BFD Block Flow Diagram

BFW Boiler Feed Water
CAPEX CAPital EXpenditures
CEPCI  Chemical Engineering Plant Cost Index

CW Cooling Water
DBT DiBenzylToluene

DMC Direct Manufacturing Costs

FCI Fixed Capital Investment

FMC Fixed Manufacturing Costs

GE General Expenses

H18-DBT Perhydrodibenzyltoluene

IFO Intermediate Fuel Oil

LCOHT Levelized Cost Of Hydrogen Transport
LOHC Liquid Organic Hydrogen Carriers
OPEX  OPerating Expenditures

TRL Technology Readiness Level
WACC Weighted Average Cost of Capital

1. Introduction

In the energy transition towards a more sustainable energy
system, green hydrogen is seen as the key to achieve the
decarbonization target [1]. The growing interest in employing
hydrogen as a clean energy source is due to two major aspects:
1) hydrogen can be used without direct emissions of green-
house gases; and 2) it can be produced from a number of low-
carbon energy sources.

Despite hydrogen production through water electrolysis
goes back to 1800s and its application as a fuel for internal
combustion engines was proved over 200 years ago, chal-
lenges in hydrogen-based economy are still present, related,
on the one hand, to its cost-effective production and, on the
other hand, to its affordable distribution [2,3]. As a matter of
fact, the low volumetric density of hydrogen inhibits its use as
an economically viable energy vector, even when compressed
to high pressures or liquefied. Hydrogen is typically moved in
its gaseous state under extremely high pressures, 700 bar ac-
cording to the existing technical applications, which is known
as "Compressed Gaseous Hydrogen" (CGH2) [4]. This concept
implies huge compression costs, both in terms of capital ex-
penditures and energy requirements. Alternatively, the “state
of the art” of hydrogen supply chain relies on the trans-
portation in its liquid state, which requires temperatures
below —253 °C [5]. Vacuum-insulated liquid tankers allow for
the transportation of hydrogen in large quantities (up to
4300 kg) and over longer distances [6,7]. Nonetheless, the
process of liquefying hydrogen demands a significant amount
of energy, even more than 10 kWh per kg of hydrogen,
equivalent to more than 30% of its energy content, in addition
to losses due to boil-off during transportation [8,9].

These two mentioned transportation concepts are intri-
cate in terms of technology, entail a critical emphasis on
safety, and require a significant financial investment for
establishing a distribution infrastructure on a large scale [10].
To overcome this issue, a number of hydrogen carriers have

been considered, as ammonia or liquid organic hydrogen
carriers (LOHCs) [11].

Ammonia remains in a liquid state at room temperature
under around 10 bar pressure, with a vapor pressure similar to
propane. While producing ammonia for transportation pur-
poses and converting it back into hydrogen requires a signif-
icant amount of energy, the infrastructure for handling and
shipping ammonia is already well established [12].

Ammonia's main benefits lie in its high hydrogen content,
about 17.8 wt%. Moreover, it can be produced using renewable
hydrogen and nitrogen from the air, without the need for
involving carbon species during the synthesis process. To
ensure the implementation of NH; as H, vector, research ef-
forts are devoted to enabling efficient ammonia production
from renewables [13] as well as decreasing the operating ex-
penses of the cracking stage [14].

On the other hand, LOHCs are organic molecules which can
be reversibly hydrogenated and dehydrogenated to release
hydrogen. Since they are liquid at ambient temperature and
pressure, they are effective in hydrogen storage without los-
ses. Moreover, being oil-like substances, they can be easily
handled with existing infrastructures for oil products. Due to
the increasing research interest in these compounds, several
reviews are aimed at defining the features of the best candi-
dates for hydrogen storage and transport [15—17]. The optimal
LOHC has to show:

- low melting point, to avoid solidification issues;

- low dehydrogenation enthalpy, to limit the energy demand
of the dehydrogenation reaction;

- high boiling point, to avoid its volatilization and to favour
its separation from the produced hydrogen;

- high H, storage capacity;

- low toxicity;

- low cost. It is worth noticing that, at increasing complexity
of the organic molecule, its cost increases, too, thus hin-
dering the cost-effective scale up of the whole hydrogen
transport technology.

A variety of cyclic hydrocarbons could serve as LOHCs.
These include benzene/cyclohexane, toluene/methyl-
cyclohexane, naphthalene/decalin, biphenyl/bicyclohexyl
and dibenzyltoluene/perhydro-dibenzyltoluene, as shown in.
These substances are frequently employed in industrial ap-
plications; for instance, the global production of benzene and
toluene is around 50 million metric tons per year, and their
cost is less than 1 euro per kilogram [18,19]. Nonetheless, it
should be noted that several of these aromatic compounds
pose risks due to their carcinogenic or flammable nature, and
some exist as solids at room temperature. The hydrogen
storage capabilities of these cyclic hydrocarbons fall within a
6—8 wt% range, with the heat involved in hydrogenation
and dehydrogenation processes being reasonably within
62—69 kJ mol—1—H, [20,21].

Among all the available alternatives, aromatic rings are the
primary candidates: toluene (hydrogenated form: methyl-
cyclohexane) was firstly proposed by the Chiyoda corporation
together with Mitsubishi Corporation, Mitsui & Co. Ltd. and
NYK Line [23]. By the end of 2020, the world's first global
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hydrogen supply chain system was demonstrated by trans-
porting and storing over 100 tons of hydrogen over ten months
from Brunei Darussalam to Kawasaki (Japan). Showing the
highest technology readiness level (TRL), toluene can be
defined as the benchmark for LOHCs. However, although its
maturity and the advantage of large availability at low cost,
the main drawback associated to toluene as hydrogen carrier
is the benzene co-production within the dehydrogenation
reaction, leading to toxicity issues. To overcome this disad-
vantage, dibenzyltoluene (hydrogenated form: perhy-
drodibenzyltoluene) was proposed by Hydrogenious [24—26]
and it is now under evaluation for implementation at large
scale. However, dibenzyltoluene as a raw material shows an
about 10 times higher price than toluene, this evidence
affecting the overall process economics.

In view of optimizing the hydrogen transport costs,
reducing the dehydrogenation enthalpy can be an important
aspect to focus on. Both toluene and dibenzyltoluene (DBT) are
homocyclic and present high dehydrogenation enthalpies. On
the other hand, heterocyclic compounds, i.e., molecules with a
heteroatom included in the aromatic ring, as N-substituted
(carbazoles, pyridines and quinolines) or O-based compounds
(lactones) show a reduced aromaticity, promoting H, release
at milder conditions. Moreover, O-based molecules, as oppo-
site to many proposed organic carriers, which are obtained
from petrochemical feedstocks, can be obtained from
renewable sources, such as biomass. This evidence can be of
paramount importance for increasing the sustainability of the

entire process. However, the TRL of these alternatives is too
low to think about their implementation at the industrial
scale. Research efforts are still needed to deepen the hydro-
genation/dehydrogenation reaction at the laboratory scale
(see Table 1).

Together with the scouting of the best candidates as
LOHCs, a number of techno-economic assessments of the
whole hydrogen transport value chain is available in litera-
ture. The most recent studies are reported in Table 2. Two
main scenarios are proposed, namely long-distance harbour-
to-harbour hydrogen transport or road hydrogen transport,
and their performance are evaluated according to different
methodologies and assumptions. Depending on the hypoth-
eses on which each study is based on, very different results
are obtained, such that it is difficult to draw general conclu-
sions. The ultimate goal of most of the studies available in
literature is to demonstrate the economic viability of organic
carriers for hydrogen transport, rather than technically
assessing each stage of the H, value chain, with a particular
focus on the hydrogenation and dehydrogenation stages from
the engineering point of view.

Within this panorama, and to fill this gap, the aim of this
work, is to perform a detailed technical analysis, coupled with
an economic assessment, of hydrogen transport through
LOHCs. Particular attention is paid to hydrogenation and
dehydrogenation stages, that have been simulated through
Aspen Plus V11® simulation software. Toluene and diben-
zyltoluene are considered as representative carriers, due to

Table 1 — Physico-chemical and hydrogen storage properties for cyclic hydrocarbons suited for LOHC applications [18—22].

Dehydrogenated Hydrogenated Melting Boiling Density  Enthalpy Hydrogen
form (Ho) form (Hy) point [°C] point [°C]  (Hy) [kg/l] difference content
Ho H, HO Hx (ki/molo] Gt o, [kg/ms3]
Benzene @ O 5.5 80 81 0.779 68.6 7.2 56.08
Toluene CHs CH, -95 -127 111 101 0.770 68.3 6.2 47.74
Naphthalene CO 80 —43/-30 218 196/187 0.890 66.4 7.3 64.97
Biphenyl <:>_<:> 70 255 228 0.864 67.0 7.1 61.34
Dibenzyltoluene —391/-34 <-50 390 371 0.910 62.0 6.2 56.43

sasaciicpone
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Table 2 — Most recent studies for H, transport and distribution through LOHC.

Reference

LOHC

Scenario

Hurskainen and Ihonen (2020) [27] DBT

Niermann et al. (2021) [28]

DBT, toluene, methanol,

road transport
harbour-to-harbour

N-ethylcarbazole

Raab et al. (2021) [29]
Reup et al. (2017) [30]
Papadias et al. (2021) [31]

DBT

toluene, DBT

harbour-to-harbour
road transport

methanol, toluene

Noh et al. (2023) [32] toluene harbour-to-harbour
Roland Berger (2021) [33] benzyltoluene harbour-to-harbour, road transport
Chodorowska and Farhadi (2021) [34] toluene harbour-to-harbour

the high maturity of the former and the promising features of
the latter. The framework developed allows to identify cost
drivers and weaknesses of the overall value chain and, ulti-
mately, offers a systematic methodology for the analysis and
the comparison of different carriers.

2. Hydrogen value chain with a LOHGC as
carrier

With the aim of performing a feasibility study of hydrogen
transport through LOHCs, the case study of hydrogen trans-
port from North Africa to a Mediterranean port has been
analysed, considering toluene and dibenzyltoluene as
hydrogen carriers.

The whole hydrogen transport value chain is reported in
Fig. 1 and it has been studied according to the assumptions
listed in the following.

1. At the loading terminal, flat hydrogen production of 20000
Nm?*h is supposed via 100 MW alkaline electrolysers,
available at 20 bar and 25 °C. Since the aim of this work is
the evaluation of H, transport cost through LOHC, no cost
for green hydrogen production has been introduced in the
economic assessment. Considering the size of alkaline
electrolysers assumed, the resulting hydrogen production
is much lower than the one of the actual fossil-based
ammonia production plants. This is because, when the
industrial production site has to be driven by renewable
energy, the plant size has to be tuned according to the land
footprint of renewables. The selected renewable hydrogen
productivity is compliant with a reasonable extent of land
needs, to put the feasible scale of green ammonia pro-
duction into perspective.

2. At the loading terminal, hydrogen and the organic carrier
undergo an exothermic hydrogenation reaction. The

hydrogenated species is stored into storage tanks and then
routed to the unloading terminal via ship transport.

3. The harbour-to-harbour distance of 2500 km is covered via
ship fuelled by traditional fossil-based fuels (IFO 380 1%S).

4. Once arrived at the unloading terminal, the organic carrier
is routed to a H, valley, located 100 km far from the
harbour. Transport of the hydrogen carrier from the
harbour to the valley is performed via truck.

5. At the H, valley, the carrier has to undergo the dehydro-
genation reaction for hydrogen release. H, is produced at a
pressure of 30 bar and a purity higher than 99.9 mol%,
suitable for its industrial applications.

The conversion and reconversion stages of the organic
carrier to hydrogen have been simulated in Aspen Plus V11®
[35], while for storage, ship transport and road transport
reference is made to literature case-studies. As the organic
carriers are oil like substances, they can be easily handled and
adapted to the existing infrastructures for oil products, whose
data can be easily retrieved.

Each stage of the value chain reported in Fig. 1 is detailed in
section 3.

3. Technical assessment
3.1 Hydrogenation

Process simulation for toluene hydrogenation is shown in
Fig. 2. Toluene coming from the unloading terminal is mixed
with the make-up stream, pumped and heated up to the re-
action pressure and temperature, 20 bar and 210 °C, respec-
tively [36]. The heating is performed in a process-process heat
exchanger, PREHEAT in Fig. 2, to exploit the high enthalpy
content associated with the reaction products. The hydroge-
nation reaction (1) is strongly exothermic. To control the

1 1
| Ta ] H O o N S |
< N Hiomc - ey g O HLomc . i
S i
mmm
% GreenH, 1 LOHC Storage at the Marine Storage at the Road LOHC Storage at I H,
I'hydrogenation loading terminal transport  unloading terminal transport ~ dehydrogenation the H, valle I utilization
ydrog g g ydrog 2 Y
1 1
1
. LOHC !
dehydrogenated LOHC

Fig. 1 — Liquid organic hydrogen carriers (LOHCs) value chain. The dashed red lines indicate the system boundaries. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2 — Toluene hydrogenation to methylcyclohexane. Simulation in Aspen Plus V11®.

reaction exothermicity, nitrogen is fed as a thermal diluent,

with a flow rate such that N, concentration in the reactor inlet
stream (REAC-IN in Fig. 2) is equal to about 17 mol% [37]. toluene hydrogenation process of Fig. 2.
Together with nitrogen and toluene, also green hydrogen e H2 N2 TOL MAKEUP MCH
produced via water electrolysis, stream H2 in Fig. 2, is fed to
the battery limits. The reactor has been simulated through the T el 2> 2 2 2 2

P [bara] 20 20 1.01 1.01 1.01

RGibbs module of Aspen Plus®. In this unit, the reactants molar fractions

conversion is the thermodynamic equilibrium one. The MCH 0 0 0.0473 0 0.9980
mixture exiting the reactor, stream REAC-OUT in Fig. 2, con- TOL 0 0 0.9514 1 0.0009
sisting of non-converted hydrogen, nitrogen and methyl- Hp 1 0 0.0004 0 0
cyclohexane, after cooling in PREHEAT, is routed to the WERNZ © v ugers ¢ ©

N, 0 1 0 0 0.0010

downstream separation stages, to recover products and
byproducts and separate them from reactants. The separation
section consists of two flash drums in series, FLASH 1 and
FLASH 2 in Fig. 2. In these units, the outlet mixture from the
reactor, after expansion in V1 valve, is firstly purified from the

Fror [kmol/h] 89291 14.00 293.77 17.50 296.17

Table 4 — Thermal energy consumption for toluene

heavy ends and then from the light ends. The methyl- hydrogenation process of Fig. 2, together with the
cyclohexane produced, MCH in Fig. 2, is stored and then corresponding utility.
transported by ship to the unloading Ferminal. The uncon- equipment Tu [°C] Tour [°C] Q [kW] utility
verted hydrogen, stream LIGHTEST in Fig. 2, is compressed in
COMP and then recycled back to the reaction section REACTOR 146 210 Si7d BEW
y ’ COOLER 82 50 —3378.5 Cw
C7H8 —+ 3H2 s C7H14 (1)
The reaction heat is exploited for steam production from
boiler feed water, as represented in Fig. 3.
Inlet and outlet streams specifications for toluene hydro- Table 5 — Power consumption for toluene hydrogenation
genation process of Fig. 2 are reported in Table 3, while Table 4 process of Figs. 2 and 3.
and Table 5 summarize, respectively, the thermal and power equipment Ppy [bara] Poyr [bara] W [kW]
consumption of the same process. PUMP 1.01 20 30.22
Similarly to what performed for toluene, the hydrogena- COMP 1.01 20 1412.97
tion process for dibenzyltoluene (reaction (5)), has been WAT-P 0.05 15 1512
WAT-P WAT-HEAT STEAMGEN
PUMPED-W W &
o WATER-IN £ - 0 g STEAM
"

Fig. 3 — Steam production from boiler feed water (BFW). Simulation in Aspen Plus V11®.
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simulated in Aspen Plus V11®, and is represented in Fig. 4.
Before the process simulation phase, dibenzyltoluene and its
corresponding hydrogenated form, not available in the Aspen
Plus databank, have been added as pseudo-components,
considering the physical properties available in Table 6,
together with the expressions for the heat capacity (equation
(2)), vapor pressure (equation (3)) and density evaluation
(equation (4)). Parameters for equations (2)—(4) are listed in
Table 7.

¢ (KL9> — a4 bT[K] +CTK]? + dTK] @)
377.98 12620114 1276, [ TIK|

npPa) === R lrl(298.15) )

p(T)=A+B-T[K] (4)

The dibenzyltoluene hydrogenation process, simulated in
Aspen Plus V11®, is reported in Fig. 4. The organic carrier
coming from the unloading terminal (HO-DBT in Fig. 4), is the
make-up stream (whose flow rate is very limited) and is routed
to the reactor, after being pumped and heated. The reactor, B2
in Fig. 4, is fed with dibenzyltoluene, hydrogen and nitrogen,
whose flowrate is set at the same value for toluene
hydrogenation.

Cy1Hyo 4+ 9H, — Cy Hag (5)

The operating conditions of the reactor are 35 bar and
210 °C. Considering the state-of-the-art of DBT hydrogenation
and dehydrogenation, the kinetic scheme cannot be imple-
mented: there is not a ready-to-use and univocally defined
kinetic mechanism to be introduced in process simulation. To
overcome this problem, experimental conversion and selec-
tivity for both hydrogenation and dehydrogenation reaction
was introduced in the process simulation phase. Shi et al. [38]
demonstrated that HO-DBT hydrogenation over a 5 wt% Pt/
Al,0O5 catalyst at approximately 200 °C and a pressure ranging
between 30 and 40 bara achieves complete hydrogen conver-
sion. Based on these results, the model assumes a complete

Table 6 — Dibenzyltoluene (DBT) and
perhydrodibenzyltoluene (H18-DBT) properties [22].

Property Value

DBT H18-DBT
TB [°C] 390 371
MW [kg/kmol] 272.4 290.4
SG* @ 60 °F [] 1.047 0.916
AHform [kJ/kmol] 225700 —387400

® SG: specific gravity.

Table 7 — Parameters to be used in equations (2) and (4)
[22].

Parameter Value

DBT H18-DBT
2l 1.9160 1.5069
b —0.0075 —0.0043
c 2.979-107° 1.996-10°
d —2.905-108 —~1.680-10°%
A 1.2537113 1.1005251
B —0.0007150 —0.0006384

hydrogen conversion within the reactor. This aligns with the
experimental findings and further simplifies the process by
eliminating the need for a recycle loop. The reaction product,
consisting of the hydrogenated species, is cooled and then
stored to be transported to the unloading terminal. The sep-
aration section downstream the reactor is simplified in this
case: hydrogen conversion is quantitative and byproducts
formation in the reaction phase is negligible. This evidence is
recognized in literature as one of the dibenzyltoluene main
advantages for its implementation as hydrogen carrier.
Moreover, from the separation point of view, also, being the
dibenzyltoluene heavier than toluene, more effective separa-
tion can be achieved exploiting vapor-liquid equilibrium due
to the higher difference in relative volatilities with respect to
lighter compounds. Also in this case, the reaction heat is used

=
COMPR
- MIX-REAC
H2-C

— B2

=2 Nz > REAC-IN

HEATED

REAC.OUT }

REAC-OUT
COOLER

PREHEAT LENA

PRECOOL P—Dﬂ—| TOCOOL TOFLASH
PUMP

=
£ 3

Fig. 4 — DBT hydrogenation to H18-DBT. Simulation in Aspen Plus V11®.
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for steam production from boiler feed water, as reported in
Fig. 3.

Inlet and outlet streams for dibenzyltoluene hydrogena-
tion process of Fig. 4 are reported in Table 8, while Table 9 and
Table 10 summarize, respectively, the thermal and power
consumption of the same process.

3.2. Dehydrogenation

The dehydrogenation process for toluene regeneration from
methylcyclohexane (reaction (6)), is reported in Fig. 5.

Table 8 — Inlet and outlet streams specifications for
dibenzyltoluene hydrogenation process of Fig. 4.

stream H2 N2 HO-DBT MAKE-UP H18-DBT
T [l 25 25 25 25 50

P [bara] 20 35  1.01 1.01 1.01
molar fractions

HO-DBT 0 0 0.9597 1 0.0026
H18-DBT 0 0 0.0397 0 0.9951
H, 1 0 0.0006 0 0

N, 0 1 0 0 0.0023
Fror [kmol/h] 892.91 14 103.57 0.1 103.83

Table 9 — Thermal energy consumption for

dibenzyltoluene hydrogenation process of Fig. 4, together
with the corresponding utility.

equipment T [°C] Tour [°C] Q [kW] utility
COOLER 82.08 50 —482.3 Cw
REACTOR 175.11 210 -16462.3 BFW

Table 10 — Power consumption for dibenzyltoluene
hydrogenation process of Figs. 4 and 3.

equipment Py [bara] Pour [bara] W [kW]
PUMP 1.01 35 47.17
COMPR 20 35 568.79
WAT-P 1.01 15 16.76

REC-COM

REACTOR

FLASH1

The methylcyclohexane entering the process is pumped
and routed to the reaction section. The reactor, REACTOR in
Fig. 5, whose operating conditions are 350 °C and 3 bar, is
simulated as a black box with fixed conversion, being the re-
action rate expression not available in literature [37].

The outlet mixture from the reactor, consisting of toluene,
hydrogen and undesired byproducts (mainly benzene, pro-
duced from reaction (7)), is routed to the separation train
downstream the reaction section. The outlet toluene stream
(OUT-TOL in Fig. 5) has to be stored and routed back to the
loading terminal, while hydrogen is purified by pressure swing
adsorption PSA (H2-SPLIT in Fig. 5) to meet the required purity
specifications.

C;Hy4 — C7Hg + 3H; (6)

C7H8 +H2 d CGHs + CH4 (7)

Since the dehydrogenation reaction is highly endothermic,
the heat of reaction is supplied by burning part of the
hydrogen produced together with the waste streams leaving
the battery limits (V e VENT in Fig. 5). The combustion furnace
is sketched in Fig. 6. Part of the hydrogen produced, together
with the waste streams and the air needed to favour the
combustion reaction, is preheated by heat exchange with the
flue gas up to its auto-ignition temperature (about 500 °C). The
hydrogen flow rate is selected in such a way that the heat
generated by the combustion equals that necessary for the
dehydrogenation reaction, while the required air flow rate is
slightly higher than the stoichiometric one, to ensure com-
plete oxidation of the inlet nitrogen. The high endothermicity
of the dehydrogenation reaction has, therefore, the conse-
quence of decreasing the amount of hydrogen leaving the
battery limits.

Inlet and outlet streams specifications for methyl-
cyclohexane dehydrogenation process of Figs. 5 and 6 are re-
ported in Table 11, while Table 12 and Table 13 summarize,
respectively, the thermal energy and power consumption of
the same process.

As regards the H18-DBT dehydrogenation process to DBT
(reaction (8)), its process simulation in Aspen Plus V11® is
reported in Fig. 7.

- 4

- -‘/Eh‘ *—»«z.cow

&

FLASH4
Jor .

E]

Fig. 5 — Methylcyclohexane dehydrogenation to toluene. Simulation in Aspen Plus® V11.
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BURNER

| VENT-HOT |

Fig. 6 — Hydrogen combustion section to cope the methylcyclohexane dehydrogenation reaction endothermicity.
Simulation in Aspen Plus® V11.

Table 11 — Inlet and outlet streams specifications for methylcyclohexane dehydrogenation process of Figs. 5 and 6.

stream MCH H2-OUT VENT v OUT-TOL H2-COLD AIR-COLD FLUE-3

T [°C] 25 35 35 25 25 35 30 179

P [bara] 1.01 30 30 1.01 1.01 30 1 1

molar fractions

MCH 0.9980 0 0.0710 0.0028 0.0473 0 0 0

TOL 0.0009 0 0.7119 0.0361 0.9514 0 0 0

H, 0 1 0 0.9593 0.0004 1 0 0

BENZ 0 0 0.0049 0.0001 0.0009 0 0 0

CH,4 0.1018 0.0010 0 0 0 0

N, 0.0010 0 0.1104 0.0007 0 0 0.7900 0.6638

0, 0 0 0 0 0 0 0.2100 0.0005

H,O 0 0 0 0 0 0 0 0.3196

CO, 0 0 0 0 0 0 0 0.0161

Fror [kmol/h] 296.17 545.75 2.75 0.71 293.77 297.64 810 964.42
C21Hsg — Ca1Hyo + 9H, (8)

Table 12 — Thermal energy consumption for

methylcyclohexane dehydrogenation process of Fig. 5, The outlet product mixture, composed of DBT and
together with the corresponding utility. hydrogen, undergoes a sequence of separations downstream

equipment T [°C] Tour [°C] Q [kW] utility the reaction section. The outlet DBT (DBT-OUT in Fig. 7) has to
be stored and routed back to the loading terminal, while the

REACTOR 210 350 20093 BFW . .

COOL1 100 50 33446 cwW produced hydrogen, essentially pure, is compressed and
COOL2 108 80 _996.1 W routed to the hydrogen valley.

COOL3 240 50 —~1943.6 CW Since the dehydrogenation reaction is highly endothermic,

the heat of reaction is supplied by burning part of the
hydrogen produced (H2-COLD in Fig. 7). This stream is routed

Table 13 — Power consumption for methylcyclohexane to the combustion section, represented in Fig. 8. In this sec-
dehydrogenation process of Fig. 5. tion, the hydrogen stream is preheated by heat exchange with

equipment Py [bara] Pour [bara] W [kW] the flue gas up to its auto-ignition temperature (about 500 °C)
PUMP 101 3 3.50 and then burned with an air flow rate slightly higher than the
COMP-1 29 9.3 1237 stoichiometric one, to ensure complete oxidation of the fuel.
COMP-2 93 30 1367.95 The hydrogen flow rate is modulated in such a way that the
REC-COM 2.9 3 242 heat generated by the combustion is equal to that necessary

for the dehydrogenation reaction.
Inlet and outlet streams specifications for methyl-
The H18-DBT entering the battery limits is pumped and  cyclohexane dehydrogenation process of Figs. 7 and 8 are re-
routed to the reaction section. The reactor, REACTOR in Fig. 7, ported in Table 14, while Table 15 and Table 16 summarize,
works at 320 °C and 1.1 bar, with fixed conversion as reported respectively’ the thermal energy and power Consumption of
in literature [39]. the same process.
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Table 15 — Thermal energy consumption for H18-DBT
BURNER dehydrogenation process of Fig. 7, together with the

FLUEGAS
HZTOBURN

AIR-HOT '—‘

Fig. 8 — Hydrogen combustion section to cope the H18-DBT
dehydrogenation reaction endothermicity. Simulation in
Aspen Plus V11®.

3.3. Ship transport

The organic carrier is shipped from the loading to the
unloading terminal via cargo tankers for oil products appli-
cations. Only one tanker of specific size has been considered.
The size of the tanker is evaluated considering the number of
days of production to store as in equation (9):

Ndays of prod. to store — tgo—and—back + tloading and unloading + tsafety margin (9)
where:
- tgo-and-back 1S the time needed for the go-and-back journey,

calculated through equation (10), assuming a tanker speed
of 16 knots (about 30 km/h).

corresponding utility.

equipment T [°C] Tour [°C] Q [kW] utility
REACTOR 306.8 320 19887.3 BFW
COOL1 184.8 60 —1002.3 Cw
COOL2 2359 50 —1347.0 Cw
COOL3 220.8 50 —1238.5 Cw
COOL4 219.9 50 —1234.2 Cw

Table 16 — Power consumption for H18-DBT
dehydrogenation process of Fig. 7.

equipment Py [bara] Pour [bara] W kW]
PUMP 1.01 1.1 0.14
COMP1 1.01 3.15 1275.55
COMP2 3.15 9.74 1239.62
COMP3 9.74 30 1237.91
COMP-R 1.01 1.1 5.75

- tloading and unloading 1S the time needed for the loading and
unloading operations, assumed equal to 1 day;

- tsafety margin 1S the safety margin time to manage possible
delays, assumed equal to 2 days.

2-D

tgo—and—back = W (10)

Table 14 — Inlet and outlet streams specifications for H18-DBT dehydrogenation process of Figs. 7 and 8.

stream H18-DBT H2-OUT DBT-OUT H2-COLD AIR-COLD FLUE-2
T [°C] 25 50.73 35 30 30 171.79
P [bara] 1.01 30 1.01 30 1.01 1.01
molar fractions

HO-DBT 0.0026 0 0.9597 0 0 0
H18-DBT 0.9951 0 0.0397 0 0 0

H, 0 0.9997 0.0006 0.9997 0 0

N, 0.0023 0.0003 0 0.0003 0.7900 0.6592
O, 0 0 0 0 0.2100 0.0097
H,0 0 0 0 0 0 0.3311
Fror [kmol/h] 103.83 575.65 103.57 317.48 800 958.74
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Equation (11) allows the evaluation of the tanker size,
knowing the carrier density, pspecies, and the daily productiv-
ity, Prod, assuming the utilization of the 98% of the tanker total
volume.

’N;ays of prod. to store [d] (11)

pspecies [kg/m3] ’ (098)

Prod. [kg/d
Vvessel [mS} = © [ g/ ]

3.4. Storage

Storage of the hydrogenated and dehydrogenated carrier is
needed at both loading and unloading terminals. The storage
tanks volume is evaluated as in equation (12), where an extra
capacity of 10% is assumed to take into account for possible
delays.

Vtank [mB] = (1 + 01> N Vvessel [mﬂ (12)
3.5. Road transport

The organic carrier is routed from the arriving terminal to the
hydrogen valley via road transport. The number of trucks
needed, Nyycks, is €valuated from equation (13), considering 2
journeys/day for each camion, the volume to be distributed
Vunloaded from the vessel Calculated from equation (14) and Viryck
calculated for each carrier, basing on the carrier density and
considering that each truck can transport about 28.5 ton of
organic compound [40,41].

Vunloaded from the vessel
Ntrucks = (13)

Vtruck -N;

days of prod. to store '

Prod. [kg/d] 'N:iays of prod. to store (14)
Pspecies [kg/m?}}

vunloaded from the vessel =

4, Economic assessment

To perform the economic assessment of harbour-to-harbour
hydrogen transport through LOHC, the methodology described
in the following has been applied. The economic assessment of
the cost drivers of the value chains (hydrogenation and dehy-
drogenation), has been performed according to the Turton
methodology [42], detailed in section S.1, starting from the
process simulations described in section 3. Level 3 of the Turton
methodology for cost estimation, applied in this work, is re-
ported to have an accuracy level of +25%, which is assumed
acceptable for process engineering pre-feasibility studies.

Utilities cost (Cyr) and raw materials cost (Cry) are evalu-
ated referring to Table 17 and Table 18, where two different
scenarios are proposed: the “present” one, corresponding to
the 2022 scenario and the “future” one, considering a signifi-
cant cost reduction within 4-5 years, to take into account the
huge inflation of 2022.

The following assumptions have been considered in the
economic assessment of the overall value chain, after having
proved for each of them that they do not significant affect the
quality of the results:

- catalysts cost neglected, both initial and make up;
- spare units neglected;

Table 17 — Cost of utilities according to the “present” and
“future” scenarios.

“present”  “future”
CO, emissions [43] €/t 90 105
Electric energy €/MWh 500 220
Natural gas €/t 2550 650
Natural gas €/MWh 180 45
Cooling water (30—40 °C) €/t 0.015 0.015
Boiler feed water €/t 1.15 1.20
LP steam €/t 100 40
MP steam (200 °C, 15 bara) €/t 130 50
IFO 380 1%S €/t 580 450
Diesel €/1 1.8155 1.8155

Table 18 — Cost of raw materials according to the
“present” and “future” scenarios.

“present” “future”
Toluene €/t 1300 850
Dibenzyltoluene €/t 5000 3000
Nitrogen €/Nm? 0.20 0.15

- harbour infrastructures referred to all the loading and
unloading facilities (pipelines, jetty, flares) neglected at
both loading and unloading terminals;

- only direct CO, emissions considered.

Along with cost drivers, also ship transport, storage and
distribution costs have been accounted for, based on literature
case-studies. Their economic assessment is detailed in sec-
tion S.1.

Once the fixed and operating costs for each stage of the
value chain in Fig. 1 have been calculated, the levelized cost of
hydrogen transport (LCOHT) [€/kgy,] is calculated according
to equation (31):

N-1
CAPEX; +OPEX;
= (1+WACC)*
LCOHT=———— (15)
N-1
Z PH, out
t
&5 (1+wacc)

where:

- Pu,out is the annual amount of hydrogen delivered;

- WACC is the weighted average cost of capital,

- tis the considered year, with t = 0 is the 2022 year and N-1
is the end year;

- CAPEX,and OPEX, are the capital and operating expenses at
time t.

The financial assumptions introduced in the LCOHT are
listed in Table 19.

5. Results and discussion

Results of the economic evaluations for both the organic car-
riers, i.e., toluene and dibenzyltoluene, are reported in the
following and refer to the methodology described in section 4
and S.1. In both cases, the fixed costs of the hydrogenation/
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Table 19 — Financial assumptions for LCOHT evaluation.

Item Value

WACC 5%

Project lifetime 25y

Construction period 3y (CAPEX breakdown: 40%, 30%,
30%)

Decommissioning cost
Exchange rate (2022)
Plant availability

5% CAPEX [44]
0.951 €/US-$ [45]
8000 h/y

dehydrogenation reactor have been evaluated as those of a
shell and tube exchanger with the same duty, as it is not
possible, at the current stage of the analysis, to size the
equipment more accurately. Furthermore, in the carried out
economic evaluations, the fixed cost of the initial LOHC
loading (toluene and dibenzyltoluene) has been considered,
too. The volume of this initial loading is assumed to be equal
to that of three storage tanks, i.e. the amount of carrier needed
for H, distribution start-up.

Also, it is worth noticing that the maturity level of the
toluene technology is higher than the dibenzyltoluene one
and this aspect has to be considered when the two alterna-
tives are compared.

Fig. 9 shows the block flow diagram BFD of the whole value
chain for both toluene and dibenzyltoluene. Material balances
for each stage of the value chain are also figured out, together
with the utilities needed for each stage.

Starting from the process simulations detailed in the
technical assessment, the fixed costs and operating costs for
the hydrogenation and dehydrogenation processes have been
estimated.

For the hydrogenation process, the fixed costs of both
carriers are reported in Table 20, where it is shown that, in the
case of toluene hydrogenation, more than half of the fixed
costs are due to the non-converted hydrogen recycle
compressor. This unit is necessary for the recompression to
the reaction pressure of the hydrogen expanded to ambient
pressure in the separation section. As for the dibenzyltoluene
hydrogenation, Table 20 shows that about 1/3 of the fixed
costs is due to the compressor of the inlet hydrogen. Fixed
costs for DBT hydrogenation are lower than the costs for
toluene hydrogenation. This evidence, in line with the litera-
ture, is due to the simplified separation section downstream
the reaction one.

Table 21 summarizes the operating costs of the hydroge-
nation process, for both toluene and dibenzyltoluene. Among
the utilities, electricity is the main cost item. The steam

E]ec\ricit?/ CW BFW IFO 380 Diesel Electricity CW Alir 14.4 tpd
[ 1 | o TH,
[ | | I [ N T
43.2 tpd e  J A 2 Y VvV VvV v
H, 16973 tpd. 697.3 tpd 697.3 tpd_ 697.3 tpd | 697.3 tpd 697.3 tpd ) 2641
9.4 {p_d_I:I: Hydrogenation [y7cry MCH MCH MCH MCH MCH Dehydrogenation H,
—» Road
38.7 tpd T Storage Storage at transport Storage
TOL 3 MP steam at the Maritime sp 8
MAKE-UP loadi i X loadi of the at the H, B duct
PURGE oading ranspor unloading liquid valley y-products
(light compounds) | terminal terminal carrier
651.3 tpd 651.3 tpd 651.3 tpd 651.3 tpd 651.3 tpd 651.3 tpd
a) TOL TOL TOL TOL TOL TOL
Electricity CW BFW IFO 380 Diesel Electricity CW Air 15.5tpd H,
Lo | i [
oo ’ : Y vovy
432pdH, —¥—Y Y ) ¢ tpd 721.6 tpd 721.6 tpd 721.6 tpd T 721.6 tpd 7216 tpd
. H-18 DBT H-18 DBT H-18 DBT H-18 DBT H-18 DBT H-18 DBT 27.8tpd H,
----P H ion Dehydr ion
9.4tpd N,
0.65 tpd
H-0 DBT 1| MP steam Storage at Road
MAKE-UP l v ‘f‘t:lygfji:v Maritime the transport of Sl:;:j%; at
PURGE L lé transport unloading the liquid all. 2 By-products
(light compounds) [ terminal terminal carrier valley
678.4 tpd 678.4 tpd 678.4 tpd 678.4 tpd 678.4 1pd 678.4 1pd
H-0 DBT H-0 DBT H-0 DBT H-0 DBT H-0 DBT H-0 DBT
b)

Fig. 9 — Value chain block flow diagram (BFD) for: a) toluene; b) dibenzyltoluene.

Table 20 — CAPEX [M<€] and breakdown of Cgzy for the carrier hydrogenation process.

equipment toluene dibenzyltoluene toluene dibenzyltoluene
cost [M<€] cost [M€]
Cam heat exchangers 0.92 1.08 11.26%
= Heat Exchangers = Heat Exchangers
compressors 4.42 2.32 . gsr:]ng;essors Compressors
pumps 0.11 0.14 Vertical Vessels b 33.95%
. Vertical Vessel .
vertical vessels 0.70 0.13 = Reactor / ( 54.20% .Riﬁ'ftir Fesee
8.56%

reactor 2.01 2.77 s 2.09%/2_12%
Crm 9.63 7.60
CAPEX 11.17 8.98
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Table 21 — Utilities consumption and corresponding cost (Cyr) [M€/y] for the hydrogenation process.

toluene dibenzyltoluene
utility W [kW] Cur [M€/y] W [kW] Cur [M€/y]
electricity 1459 5.84 633 2.53
utility Q [kW] flow rate [t/y] Q [kW] flow rate [t/y]
cw 3379 2324558 0.03 482 331812 0.005
BFW 152000 0.17 -
MP steam 152000 -19.76 -

Table 22 — Raw materials consumption and

corresponding cost (Crn) [M€/y] for the hydrogenation
process.

downstream of the reactor, as from Table 22. On the other
hand, the make-up stream is very limited in the case of
dibenzyltoluene hydrogenation. Table 23 summarizes the
OPEX of the hydrogenation process for both toluene and

toluene dibenzyltoluene .
— dibenzyltoluene.
ial flow Crm flow Cru Table 24 reports the dehydrogenation process fixed costs
material e [ty]  [M€fy]  rate[tly]  [M€/y] .
for both toluene and dibenzyltoluene. In both cases, most of
make-up 12900 16.77 217.91 1.09 the fixed costs are due to the compressors necessary for H,
N, 3138 0.50 3138 0.50

Table 23 — OPEX [M<€/y] for the hydrogenation process.

compression up to 30 bar. Table 25, on the other hand, pro-
vides the utility costs of the dehydrogenation process.

As for the operating costs, electricity to power pumps and
compressors is the main cost item (Table 26). No raw materials

are needed, since methylcyclohexane and perhy-

toluene dibenzyltoluene drodibenzyltoluene come from the hydrogenation step. In the

Cost [M€/y] Cost [M€/y] carried-out evaluations, the cost associated with the CO,

Cor _13.89 254 emissions downstream of the combustion reaction was

Crm 17.44 1.79 neglected (the value is negligible, as shown in the material
Cor 0.60 0.60 balance of Table 11).

other DMC 1.23 1.09 In addition to the cost drivers, to complete the technical-

?:C ;‘ég ;'(1)‘1} economic analysis of the value chain of Fig. 1, the cost asso-

o o - ciated with ship transport, storage of the hydrogenated/

produced has been considered as a revenue only for toluene
and not for dibenzyltoluene. This is in order to make the
comparison between the two carriers as fair as possible, tak-
ing into account the different maturity level of the processes
and, thus, the more simplified simulation for dibenzyltoluene,
which entails the evaluation of lower costs. Among the raw
materials necessary for the toluene hydrogenation section,
the make-up toluene and the nitrogen entering the reactor as
a thermal diluent were considered. Most of the expenditure
for raw materials is due to the toluene make-up, necessary to
compensate for the losses in the separation sections

dehydrogenated compound and road transport of the carriers
were estimated.

The costs of the storage tanks, ship transport and road
transport of the organic carrier are reported in Table 27, Table
28, Table 29, respectively.

Results for the whole value chain economic assessment
are reported in Fig. 10 for both toluene and dibenzyltoluene
and considering the present and future scenarios. The dehy-
drogenation stage is the cost driver of the whole value chain
and is related to the huge hydrogenation enthalpy of the
homocyclic compounds considered. The hydrogenation stage
is also one of main cost elements in the economic assessment.
Its process intensification, to allow an optimized management

Table 24 — CAPEX [M€] and breakdown of Cgy for the dehydrogenation process.

equipment toluene dibenzyltoluene toluene dibenzyltoluene
cost [M€] cost [M<€]
Cem heat exchangers 2.24 2.21 6035 2% 1TT%.  (T.45%
compressors 8.41 12.29 0.19% 1 o, Fieat Exchan 0.04% ] ) ——13.83%
- = gers \
pumps 0.02 0.01 " ng;:_:;zi?sgel b \ Compressors \
. .p 66.18% = Pumps 76.91%
vertical vessels 0.77 0.28 ol N —
reactor 1.27 1.19 = Reactor = Reactor
Crm 15.00 18.86
CAPEX 17.21 21.40
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Table 25 — Utilities consumption and corresponding cost (Cyr) [M<€/y] for the dehydrogenation process.

toluene dibenzyltoluene
utility W [kW] Cur [M€/y] W [kW] Cur [M€/y]
electricity 2611 10.44 3759 15.04
utility Q [kW] flow rate [t/y] Q [kW] flow rate [t/y]
CwW 6284 4323625 0.07 4822 3317587 0.05
6 ___________________
. Initial loading
Table 26 — OPEX [M</y] for the dehydrogenation process. s - --------———-
. ® Hydrogenation
toluene dibenzyltoluene = 4 —__ 230 _ _ 143
—_—— —_— g Storage
cost [M€/y] cost [M€/y] “E—"- 3 - i - 045 1 ime transport
y 0.49
Cur o3 50z S 2 --- 082 _ | =074  mRoad transport
Crum 0.00 0.00 | —0.74
m Dehydrogenation at the H2
ik
otner o d
_______ ~0.26 __ U017
EMC 1.60 1.88 0
present future
GE 4.23 5.70 a)
OPEX 18.88 25.71
7 ____________________
6 - _ ___________. Initial loading
Table 27 — Storage tanks fixed costs. —5 ——— [ 206 _ _ _______. ® Hydrogenation
3 g Storage
stored compound Viank [M7] CAPEX [M€] @ 4 .
- 1.76  mMaritime transport
MCH 10300 13.65 53 S
o 0.44 H Road transport
Toluene 8500 12.16 S, o 1 )
H-18 DBT 7900 11.64 0.64 '5’;[;Vydf°99”a"°” atthe H2
H-0 DBT 8400 12.08 [ W 076
0 ——_L___hoss__ 059
b) present future

Table 28 — CAPEX [M<€] and OPEX [M<€/y] for the hydrogen
carrier ship transport.

Carrier Vyessel [M®] CAPEX [M€] OPEX [M€/y]
toluene 9300 9.29 3.77
dibenzyltoluene 7600 8.92 3.32

Table 29 — CAPEX [M<€] and OPEX [M<€/y] for the hydrogen
carrier road transport.

Carrier Msrselas CAPEX [M€] OPEX [M€/y]
toluene 13 4.40 2.76
dibenzyltoluene 13 4.40 3.85

of the reaction heat, can be a focus point for future research in
order to reduce the overall technology costs. From the hy-
drogenation/dehydrogenation point of view, the identification
of species with a low hydrogenation enthalpy can have a
significant impact on the whole process economics. Organic
heterocyclic compounds usually show a lower hydrogenation
enthalpy than the homocyclic ones. However, a higher raw
material cost is associated with the former, while the latter
are usually less expensive. As a result, the choice of the most
suitable organic carrier is a trade-off between the hydroge-
nation enthalpy and the raw material cost. The raw material
cost, also, directly impacts the value chain economics, leading
to a higher expenditure associated to the carrier initial
loading, as shown in Fig. 10. In the present scenario, toluene is

Fig. 10 — Results of the economic assessment for: a) toluene
and b) dibenzyltoluene.

the most cost-effective alternative, due to the very high cost
per kg of dibenzyltoluene. In the future scenario, the reduc-
tion in the cost of dibenzyltoluene equals the costs of trans-
porting hydrogen of the two carriers for the distance of
2500 km considered in this analysis. Longer distances increase
the impact of the initial organic carrier loading; thus, the most
viable alternative has to be evaluated case by case.

6. Conclusion

The energy transition from fossil fuels to renewables imposes
the rethinking of the whole energy system. In view of
achieving the decarbonization target, liquid organic hydrogen
carriers seem a promising alternative for hydrogen transport
at mild operating conditions, having the advantage of easily
handling and adaptability to the existing infrastructures.
However, for their implementation to the industrial level, two
aspects have to be considered: on the one hand, the highly
endothermicity of the hydrogenation reaction and, on the
other hand, the cost of initial loading of the hydrogen carrier.

More complex molecules than toluene and dibenzylto-
luene, as the heterocyclic compounds, can be effective in
reducing the dehydrogenation costs but can be associated
with a higher raw material cost, making the initial loading
cost increase. For this reason, the choice of the most
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advantageous alternative is a trade-off between these two
aspects and has to be assessed case-by-case depending on the
value chain basis of design.
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