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A B S T R A C T

Maritime propulsion is recognized as a hard-to-abate sector and its decarbonization will therefore require
transversal efforts, including the introduction of alternative fuels to reduce CO2 emissions. Both ammonia and
hydrogen could provide clean power; however, forecasts hint that ammonia will be especially useful for longer
routes, while hydrogen suffers from low volumetric energy density. This paper evaluates the feasibility of a
cargo ship with a SOFC powertrain equipped with LOHC-based hydrogen storage and compares the sizing
and heat management requirements of four LOHC systems, namely N-ethylcarbazole (NEC), dibenzyltoluene
(DBT), methylcyclohexane (MCH), decaline (DEC), with an ammonia-based one. The size of the 8.4MW SOFC
system is similar for the five carriers as expected. The dynamic performance of the LOHC system shows that
the hydrogen flow rate can be effectively controlled by acting on the LOHC flow rate, reactor temperature,
and pressure. However, LOHC systems are heavier (by a factor of 1.6 to 2.1) and larger (by 1.6 to 2.3 times)
than ammonia systems. The decalin system results in the lowest mass and volume, while NEC is the heavier,
and MCH is the least dense of the evaluated LOHCs. Similarly, the utilization of SOFC waste heat to cover
dehydrogenation heat ranges from 45.6% (NEC) to 27.9% (ammonia). Overall, even considering the lower
reaction temperature, LOHCs do not appear to be competitive with ammonia as hydrogen storage systems in
the maritime sector.
1. Introduction

Global shipping emissions in 2018 were responsible for approx-
imately 2.9% of global greenhouse emissions and are projected to
increase unless mitigation actions are implemented [1]. CO2 emissions
of large ships (above 5000 tonnage) entering EU ports have been in-
cluded in the EU Emission Trading System since January 2024, covering
50% to 100% of the voyage emissions, depending on the route. This
policy aligns with the revised International Maritime Organization
(IMO) greenhouse gas (GHG) strategy, which renewed the net zero GHG
emissions goal from international shipping by 2050. Indicative check
points for 2030 and 2040 have been introduced and set as emission
reduction by at least 20% to 30% and 70% to 80% respectively [2].

The DNV 2021 maritime sector forecast suggested that the future
energy mix will likely be made up of different fuels, but many un-
certainties remain, so fuel-flexible solutions will be needed to ease
the transition [3]. The most promising candidates are ammonia, bio-
methanol, bio-LNG, bio-marine gas oil, and synthetic liquefied natural
gas. Ammonia is especially considered a promising fuel for the tran-
sition to carbon-free energy: blends of ammonia with hydrogen or
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other gases, ammonia-fired gas turbines [4], and direct ammonia fuel
cells [5] could provide useful tools for the energy transition.

Great emphasis has been put on demonstration projects for onboard
use of both hydrogen and ammonia and are scheduled for 2025. Liquid
hydrogen storage can help raise the otherwise low hydrogen energy
density, and may be the best hydrogen storage option for larger vessels.
However, high energy demand and long bunkering intervals mean that
ships will most likely run on more energy-dense fuels, such as ammo-
nia. In general, hydrogen is expected to perform better for short-sea
shipping than deep-sea shipping [6].

Although there are already a small number of hydrogen or hydrogen
hybrid ships, more research is key to better tune the characteristics
to those of the maritime sector. In fact, already in 1998 Abe et al.
predicted a conceptual tanker design for the transport of up to four
tanks, each with a volume of 50 000m3 for a total power requirement
of 100MW [7]. Throughout the last twenty years, different hydrogen-
based maritime projects were carried out, with pressurized hydrogen
being chosen as the most common storage solution. The use of liquid
hydrogen reduces the volume requirements, but liquefaction, handling,
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storage components cost, lack of infrastructure, and safety issues pose
significant limits that must be overcome [8]. The following list in-
cludes some examples of hydrogen-powered ships, which are described
alongside many others by Kolodziejski [9]:

• The Viking Lady hybrid commercial ship, operated from 2003 to
2018, designed with a 330 kW fuel cell [10].

• The Hydrocat workboat, with diesel engines modified to run on
hydrogen with 5% diesel pilot injection. Its success has led to the
commissioning of six additional similar models [11].

• The Windcat commissioning service operation vessel will feature
a wind turbine and a hydrogen propulsion system and is expected
to be operational by 2025 [12]. It will be the first hydrogen-
fueled tugboat, with a compressed hydrogen storage capacity of
415 kg [13].

• Edda Breeze, which is a hydrogen-ready commissioning service
operation vessel intended to operate with hydrogen stored in
Liquid Organic Hydrogen Carriers (LOHCs) [9,14].

• The Energy Observer, a hydrogen-powered self-sufficient ship
with two 42 kW electric motors capable of acting as hydro-
generators when using wind propulsion during sailing [15,16]. It
will be succeeded by the Energy Observer 2 which will run on liq-
uid hydrogen tanks, and will rely on consumption and efficiency
optimization to overcome the high volume constraint [9,17].

• The Sea Change ferry featuring 200 kW electric motors with three
120 kW Fuel Cell (FC) stacks, powered by ten 250 bar hydrogen
vessels in conjunction with two 50 kWh lithium batteries [18,19].

• The Norwegian MF Hydra launched at the end of March 2023. It
is the first liquid-hydrogen FC-powered ferry to operate regularly,
although it is a hybrid system that features two 200 kW FCs and
two auxiliary biodiesel engines rated 440 kW [9,20]. The success
of the project led to the commissioning of two similar ferries
expected to operate over much longer distances (100 km). They
will rely on hydrogen for at least 85% of consumption and are
expected to reduce CO2 emissions by 26 500 t per year [9,21].

ydrogen must be produced through electrolysis powered by renew-
ble energies to reduce GHG emissions; however, GHGs would still be
mitted and pilot fuel emissions and hydrogen slips must be minimized,
ith the latter estimated as up to 10% (volume) from production

o combustion. Switching from internal combustion engines to fuel
ells would remove additional NOx, SOx, and particulate matter emis-
ions. Minutillo et al. focus on the introduction of a small hybrid ferry
ased on Proton-Exchange Membrane Fuel Cell (PEMFC) technology;
ifferent hydrogen storage technologies have been compared, and,
egardless of the specific solution, the most critical factors remain the
ncrease in volume and weight [22]. Indeed, the complexity of tra-
itional hydrogen storage introduces additional obstacles: compressed
as features insufficient storage density even at high pressure levels,
hile liquid hydrogen requires highly insulated tanks and introduces
igh costs. Liquid organic hydrogen carriers and ammonia could pro-
ide cheaper solutions [6]. Indeed, the use of pure hydrogen is critically
isadvantaged by its low density: nearly three times lower than that
f natural gas, its lower heating value is so low that blending it with
atural gas is justified even for stationary applications [23].

Comparing on-board hydrogen storage with compressed hydrogen,
iquid hydrogen, or metal hydrides reveals that while PEMFCs lead to
p to 60% volume and 56% mass decrease over the traditional diesel
ngine layout, these hydrogen storage solutions feature significantly
ower volumetric and gravimetric energy densities, with an overall
eduction in cargo capacity of up to 9% [24]. Perna et al. evaluated the
echno-economic feasibility of a solar-driven electrolysis system used
o power a fuel cell-based propulsion system for small passenger ferry
oats traveling on short routes, revealing that a hydrogen-based system
ould be competitive, provided that the levelised cost of hydrogen
ecreases significantly and the value of by-products such as oxygen is
82

uitably recognized [25]. S
Watanabe et al. provide an interesting overview of the introduction
f alternative fuels into the energy mix of the maritime sector for dif-
erent European countries [26]. Liquid hydrogen is expected to lead to
ow tank-to-wheel emissions, but leakages and electricity consumption
aise the final well-to-wheel impact, which is also highly affected by
he future energy mix. In general, while its stage of development is still
elatively low, green hydrogen features among most of the prominent
tudies thanks to the low well-to-wheel carbon emissions [27]. Safety
spects and legal frameworks are still inadequately defined, further
ffecting the development of the sector [28]: the different properties
f hydrogen compared to more conventional fuels imply that safety
echanisms would need to be re-designed [23]. Furthermore, the
se of hydrogen from renewable electrolysis still has high production
osts and lacks the renewable power source infrastructure [29]; a
igher demand could help reduce production costs and lead to greater
ompetitiveness. However, as international ships may purchase fuel in
oreign countries, demand uncertainty could have detrimental effects
n national hydrogen prices [30].

LOHCs are organic compounds that can undergo reversible hydro-
enation and dehydrogenation reactions [31]. Through the saturation
f double C–C bonds, hydrogen is stored exothermically in the carrier
olecules; similarly, endothermic dehydrogenation occurs as those

onds are desaturated. LOHCs meet important goals for ideal hydrogen
torage and use, including: relatively high energy density, high safety
nd easy handling, high purity outflow with low to no losses, and the
ossibility of using existing pipeline infrastructure [32,33]. LOHCs may
ot be attractive for small-scale applications in the transport sector;
owever, for long-distance, large-scale transportation, including the
aritime sector, LOHCs could outperform other storage solutions [34].

urthermore, LOHC-based storage systems have also been experimen-
ally reported to be able to deal with significant variations in power
emand by tuning the thermodynamic operating conditions and the
OHC flow rate [35,36].

Aakko-Saksa et al. consider the propulsion of a 41MW ship as a
ossible LOHC application [37], with a one-tank system capable of
andling loaded and unloaded LOHC to reduce the volume of the
ystem. Niermann et al. carried out a comprehensive techno-economic
nalysis and comparison of the main LOHCs, finding that the most
romising ones are dibenzyltoluene (DBT) for energy transport and
torage applications and N-ethylcarbazole (NEC) for mobility applica-
ions [32]. For mobile applications, storage capacity and energy density
ave to be considered due to the direct effect on the system size
nd weight. Additional parameters are dehydrogenation temperature
assuming PEMFC coupling), cold start time and dynamic behavior.

Reaction heat to drive hydrogen release is a major challenge for
OHC systems. In the operating temperature range, methyl-cyclohexane
MCH) shows a negligible effect of pressure on the energy balance;
owever, it is recommended for the thermochemical recovery system
o set the LOHC pressure in the 1.5 bar to 2.0 bar range [38]. Spatolisano
t al. investigated the techno-economic aspects of hydrogen transport
hrough LOHCs; dehydrogenation was found to be the property that
ost affects system costs [39]. The dehydrogenation process of a

harged LOHC draws considerable heat and provides a major drawback
f LOHC systems.

Switching from PEMFCs to Solid Oxyde Fuel Cells (SOFCs) gives
ccess to higher electrical efficiency (about 50%) and fuel flexibil-
ty [40], and could provide the dehydrogenation heat requirement
hrough waste heat recovery [41]. Significant insights into the LOHC-
OFC coupling in DBT systems have been provided in the literature [42,
3]. The system layout was described with respect to its transient
perating behavior; its electrical efficiency was about 45% allowing
or optimal heat integration without exceeding thermal limits. Different
perating phases have been analyzed in detail with a focus on system
arm-up. A specific protocol was designed to avoid damaging the

OFC [43]. It was demonstrated that LOHC vapor should not harm the
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operational stability of the stack: at high temperature all the compo-
nents of the LOHC vapor are converted to methane through catalytic
hydrocracking and reforming processes. Methane is then consumed in
the fuel cell together with the hydrogen fuel [42].

Traditional powertrains rely on diesel engines, with about 50% of
the total fuel energy turning into mostly low-temperature waste heat:
the low heat quality makes heat recovery quite challenging [44]. Heat
recovery is in some way easier in SOFC-based powertrains since heat
is available at high temperature. Micoli et al. simulate a 12MW SOFC
system powered by liquefied natural gas (LNG) set to provide both elec-
tricity and part of the thermal energy demand: by maximizing steam
production, about half the thermal energy demand is covered by the
waste heat, returning an approximate LNG saving of 14.4% [45]. SOFC
waste heat recovery holds indeed a huge potential for the maritime
sector. Ouyang et al. proposed and simulated a combined cooling,
cascaded SOFC power and desalination system; the system efficiency
improves significantly when compared to the reference SOFC layout,
and could even effectively satisfy the crew’s daily needs of cold energy
and fresh water [46].

This paper provides insight into the possible application of LOHC
carriers in the maritime sector. More specifically, a LOHC-SOFC system
is sized using a realistic load scenario taken from Di Micco et al. [47].
The results of the sizing process are reported for different carriers,
namely: dibenzyl toluene (H0-DBT) - perhydro-dibenzyl toluene (H18-
DBT), N-ethylcarbazole (H0-NEC) - perhydro-N-ethylcarbazole (H12-
NEC), napthalene (H0-NAP) - decalin (H10-DEC), and toluene (H0-
TOL) - methylcyclohexane (H6-MCH). The dynamic response of the
system is evaluated through a Matlab-Simulink model, making use of
a multi-parameter control strategy to meet the hydrogen demand.
Simulation results are reported for NEC systems with a Pt/C 5 wt.%
atalyst [48], but the proposed method could be used to simulate
ny other carrier by changing the specific kinetic properties. How-
ver, it is worth observing that while gravimetric performances are
ntrinsically associated with the carrier molecule, different catalysts
ould result in different operating conditions, kinetic properties and,
ossibly, dynamic response. The sizing results are then compared with
he ammonia-based system available in the literature [47] to evaluate
he potential of LOHC storage as a technology that can contribute to
he decarbonization of the maritime sector; the different solutions are
ompared with respect to the volume, mass and heat requirements.
he structure of this paper follows its purpose and is consequently
ubdivided into the Methods and Results sections, each with three
ubsections to cover the SOFC and LOHC design and the dynamic
erformance. The load profile used for the simulation is presented in
he Methods section.

. Methods

For the proposed system layout, the preliminary sizing comprises
wo consecutive steps: first, the SOFC is sized, then the LOHC system.

hile the preliminary design of the SOFC requires only the load profile,
he size of the LOHC system also depends on the conversion efficiency.
he dynamic behavior of the system is then simulated to assess whether
he power demand can be met. To meet the power demand, three
ontrol strategies are implemented, based on the LOHC mass flow rate,
eactor temperature, and reactor pressure. The waste heat from the
OFC is recovered to meet the heat demand of the LOHC subsystem.

The power demand is taken from Di Micco et al., which present
he design, modeling, and feasibility assessment of two ammonia-based
uel cell powertrains (a PEMFC and a SOFC system) for a container
hip [47]. The authors provide a comparison with respect to a conven-
ional diesel layout with emphasis on the reduction in cargo due to the
dditional weight (and volume) introduced by the ammonia system, as
ell as on the need to recognize the value of the avoided CO2. The mass
nd volume of the fuel storage are taken as reference for LOHC systems,
hile the economic aspects of the analysis are beyond the scope of this
83
Fig. 1. Simplified main and auxiliary engines power demand, and corresponding
overall load factor for a unified conversion system with a rated power of 8.4MW.
The main engine and the total load have the same power rating, while the auxiliary
engine has a rated power of 3.5MW.

article. In the same way, broader considerations regarding production
and transportation, as well as environmental impact, could be analyzed
through Life Cycle Assessment (LCA) tools; however, the aim of this
article is to evaluate the ability of LOHC systems to follow a typical
maritime load, and to discuss how these systems compare to the more
widely recognized ammonia systems in terms of footprint and mass.

Finally, for the purposes of this analysis, the actual methods of
heat recovery are not evaluated. The ability to reuse waste heat is
assessed based on the reaction temperature and the heat required for
dehydrogenation. Effective integration of heat recovery requires a more
specific and detailed analysis; both LOHC and ammonia systems require
high-temperature heat recovery to drive hydrogen release without
excessively penalizing electrical efficiency. Using heat to drive dehy-
drogenation reduces the heat available for other potential applications
and could negatively impact the overall system efficiency. Similarly, for
the comparison between ammonia and LOHC, the size and weight of
the systems are calculated in a simplified manner, considering only the
carriers. Reactors, storage tanks, pumping systems, possible filtration
systems, and auxiliaries introduce additional encumbrance. The two
chains present many similarities and have therefore been omitted from
the analysis; however, a comparison with traditional systems would
require a more detailed characterization.

2.1. Load profile

Di Micco et al. provide the load profile over time of the main and
auxiliary engines of a container ship with 11 271 t of dead weight ton-
nage and cruise duration of 172 h at an average speed of 18.5 knots; the
rating power of the engines is 8.4MW and 3.5MW, respectively [47].
The two demands can be combined, and since the overall power
demand is below the power rating of the main engine, they can be
satisfied by a single fuel cell stack.

The load profiles assumed for the purpose of this paper have been
smoothed to filter out low-scale fluctuations, and are presented in
Fig. 1, also in terms of the load factor (ratio of instantaneous power
demand to rated power). Auxiliary and main engine load profiles shift,
and their relative magnitude leads to a final demand that is, most of the
time, below the reference threshold of 65% [47,49]. This value is asso-
ciated with the oversizing required to face adverse weather conditions,

which would increase the load factor associated with navigation.
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2.2. SOFC design

Given the power demand that the SOFC stack must meet, its polar-
ization curve returns the associated efficiency for a given load factor.
More specifically, the SOFC efficiency is evaluated as in Eq. (1):

𝜂𝑠𝑡𝑎𝑐𝑘 =
𝑉𝑠𝑡𝑎𝑐𝑘𝐼
𝑚̇H2

HHV (1)

s the ratio of the electrical power output that depends on the stack
urrent 𝐼 and voltage 𝑉𝑠𝑡𝑎𝑐𝑘 to inlet rate of chemical energy consumed,
iven by the product of hydrogen mass flow rate 𝑚̇H2

and Higher
eating Value (HHV).

The stack current is associated to the inlet mass flow rate of hydro-
en for a set fuel utilization factor 𝑈𝑓 and number of cells in the stack:

̇ H2
= 𝑀𝑛𝑐𝑒𝑙𝑙𝑠

𝐼
𝑧𝐹𝑈𝑓

(2)

with 𝑀 being the molar mass of hydrogen, 𝑧 = 2 the number of
electrons involved in the reaction, and 𝐹 the Faraday constant.

The stack voltage, assuming homogeneous conditions, depends on
the cell voltage as follows:

𝑉𝑠𝑡𝑎𝑐𝑘 = 𝑛𝑐𝑒𝑙𝑙𝑠𝑉𝑐𝑒𝑙𝑙 (3)

and the cell voltage for a given current density is returned by the
SOFC polarization curve. In this paper, a SOFC model developed and
validated by Hafsia et al. [50] and Ranjbar et al. [51] is used to
calculate the polarization curve, which gives the cell voltage, Eq. (5),
as the difference between the reversible (Nernst) voltage, Eq. (4), and
the activation, ohmic and concentration overvoltages, Eq. (6).

𝑉𝑟𝑒𝑣 = 𝑉 0(𝑇 , 𝑝) − 𝑅𝑇
2𝐹

log
𝑝H2O

𝑝H2
𝑝0.5O2

(4)

𝑐𝑒𝑙𝑙 = 𝑉𝑟𝑒𝑣 − 𝑉𝑙𝑜𝑠𝑠 (5)

𝑙𝑜𝑠𝑠 = 𝑉𝑎𝑐𝑡 + 𝑉𝑜ℎ𝑚 + 𝑉𝑐𝑜𝑛 (6)

The overvoltages depend on the activation overpotential (anode,
athode), the ohmic overpotential (anode, cathode, electrolyte), and
he concentration overpotential term (anode, cathode). Those terms are
ubtracted from the reversible voltage evaluated for the cell operating
onditions (pressure, temperature, chemical potential of reactants).

The electric conductivity (𝜎) of electrolyte, cathode, and anode can
e evaluated with Eq. (7), with the following values of the parameters:
0 = 3.34 × 104 Ω−1 cm−1, 𝑏 = 10 300K for the electrolyte; 𝜎0 = 4.2 ×
07 Ω−1 cm−1, 𝑏 = 1200K for the cathode; 𝜎0 = 9.5 × 107 Ω−1 cm−1,
= 1150K for the anode [51].

𝑖 = 𝜎0,𝑖 exp
−𝑏𝑖
𝑇

(7)

These values are used to evaluate the ohmic overpotential for each
component accounting for the layer thickness (𝛿) and the SOFC current
density (𝑗 = 𝐼∕𝐴𝑐𝑒𝑙𝑙), as seen in Eq. (8). Overpotential values are here
eported in Vm−2; absolute values are obtained replacing the current
ensity (𝑗) with the current value.

𝑜ℎ𝑚 =
∑

𝑖

𝛿𝑖
𝜎𝑖

⋅ 𝑗 (8)

Activation losess at the electrode-electrolyte interface introduce a
further loss mechanism. The exchange currents in the cathode and
anode (𝑗0) are evaluated with respect to activation energy (𝐸𝑎), an
exponential factor (𝛾) and temperature as in Eq. (9):

0,𝑖 = 𝛾𝑖
𝑅𝑇
2𝐹

exp
(

−
𝐸𝑎,𝑖

𝑅𝑇

)

(9)

The resulting overpotential is expressed by Eq. (10) with the arsinh
ethod.

𝑎𝑐𝑡 =
∑ 𝑅𝑇 arsinh

(

𝑗
)

(10)
84

𝑖 𝐹 2𝑗0,𝑖
Fig. 2. SOFC derived power density (left y-axis), and corresponding stack efficiency
over the HHV (right y-axis).

Concentration overpotential is due to concentration of the reactants
at the Triple Phase Boundary (TPB) being different than in the bulk, so
it is related to a mass diffusion-limited regime. For the cathode and
anode regions Eqs. (11) and (12) are applied.

𝑉𝑐𝑜𝑛,𝑐 =
𝑅𝑇
4𝐹

log
𝑝O2

𝑝O2 ,𝑇 𝑃𝐵
(11)

𝑉𝑐𝑜𝑛,𝑎 =
𝑅𝑇
2𝐹

log
𝑝H2

𝑝H2O,𝑇 𝑃𝐵

𝑝H2 ,𝑇 𝑃𝐵𝑝H2O
(12)

Eqs. (13)–(15) are used to evaluate partial pressures, with 𝐷𝑒𝑓𝑓 being
the effective diffusion coefficient [52].

𝑝O2 ,𝑇 𝑃𝐵 = 𝑝 − (𝑝 − 𝑝O2
) exp

𝑗𝑅𝑇 𝛿𝑐
4𝐹𝐷𝑒𝑓𝑓 ,𝑐𝑝

(13)

𝑝H2 ,𝑇 𝑃𝐵 = 𝑝H2
−

𝑗𝑅𝑇 𝛿𝑎
2𝐹𝐷𝑒𝑓𝑓 ,𝑎𝑝

(14)

H2O,𝑇 𝑃𝐵 = 𝑝H2O +
𝑗𝑅𝑇 𝛿𝑎

2𝐹𝐷𝑒𝑓𝑓 ,𝑎𝑝
(15)

The required cell area 𝐴𝑐𝑒𝑙𝑙 is evaluated by assuming the maximum
ower density for the design point corresponding to the rated power
utput. As a consequence, due to the shape of the polarization curve,
he stack efficiency at partial load is always higher than at the design
oint.

The parameters required by the SOFC sizing model are summed
p in Table 1. The resulting stack polarization curve is represented in
ig. 2, which also shows the stack power density.

.3. LOHC system design

The sizing of the SOFC stack allows to associate the stack efficiency
o each load conditions. The effective chemical energy 𝐸H2

required
o satisfy the power demand is defined in Eq. (16) as the integral of
he power demand divided by the SOFC efficiency; the average SOFC
fficiency is thus given by Eq. (17).

H2
= ∫

𝑇

0

𝑃 (𝑡)
𝜂(𝑡)

𝑑𝑡 (16)

𝜂̄ = 1
𝐸H2

∫

𝑇

0
𝑃 (𝑡)𝑑𝑡 (17)

The hydrogen mass, Eq. (18), that must be stored is obviously
derived from the total energy requires; the corresponding mass of LOHC
𝑚 , Eq. (19), is a function of the LOHC maximum gravimetric
LOHC



International Journal of Hydrogen Energy 81 (2024) 81–92M. Gambini et al.
Table 1
SOFC modeling parameters [50,51]. C., A. and E. abbreviations stand for cathode, anode and electrolyte.

Variable Value Variable Value

Effective diffusivity (C.) 5 × 10−6 m2 s−1 Effective diffusivity (A.) 2 × 10−5 m2 s−1

Exponential factor (C.) 2.35 × 1011 Am−2 Exponential factor (A.) 6.54 × 1011 Am−2

Activation energy (C.) 137 103 Jmol−1 Activation energy (A.) 140 103 Jmol−1

Thickness (C.) 50 μm Thickness (A.) 500 μm
Thickness (E.) 10 μm H2 HHV 141.8MJ kg−1
𝑚

Fig. 3. LOHC sub-system layout: a plug flow reactor is coupled with two vessels
allowing for multiple reactor passages. Three control strategies are considered: reactor
pressure and temperature, and LOHC mass flow rate.

energy density (𝑤) and the maximum acceptable change in the De-
gree of Hydrogenation (DOH), which depends on its lower and upper
boundary.

𝑚H2
= 𝐸H2

∕HHV (18)

𝑚LOHC =
𝑚H2

𝑤
(

DoHmax − DoHmin
) (19)

The corresponding volume can then be evaluated and used to
initialize the reactor design. Fig. 3 provides a brief description of the
system layout; its configuration, operating characteristics and prelim-
inary sizing procedure described in detail in a previous paper by the
authors [53].

The system includes a plug flow reactor whose filling level may
vary throughout the operation. At the design point, half the section
is assumed empty [42], and the flow direction alternates going from
one vessel (active) to the other (passive), allowing for multiple reac-
tor passages. This design reduces the required reactor length without
compromising on the reactor residence time and enables further con-
trol over the reaction. While the amount of loaded LOHC stored is
associated with the energy content of the system, the power demand
determines the LOHC flow rate in the reactor. By changing the LOHC
volume distribution between the reactor and the vessels through the
parameter 𝑓𝑟, defined in Eq. (20), the energy-to-power ratio 𝐸H2

∕𝑃 can
be changed to better match the system requirements. Control strategies
are further described in Section 2.4.

𝑓𝑟 = 𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟∕𝑉𝑡𝑜𝑡 (20)

The heat demand of the dehydrogenation process, which is mostly
due to the reaction enthalpy, is supplied by a fraction of the SOFC
waste heat. NEC thermophysical properties have been evaluated using
a group contribution approach validated, whenever available, against
data available in the literature [54], while kinetic parameters were de-
fined using experimental data [48,55]. DEC and MCH properties were
taken from the PubChem database [56] while DBT data were extracted
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from the cited HySTOC report [57]. Dehydrogenation enthalpy was
taken from the literature [58].

2.4. Control strategies

As illustrated in Fig. 3, multiple control strategies are put in place
to meet user demand. Both temperature and pressure control have
already been proposed in previous articles by the authors [53,59,60].
As hydrogen release is ruled by kinetic rates in the form of Eq. (21),
either variable can be changed to either fasten or slow the hydrogen
release. More specifically, in the case of NEC, the kinetic rate can
be modeled with reasonable accuracy with Eq. (22) [31]. The kinetic
parameters required by this kinetic model are discussed in previous
articles [53,60] and are summarized in Table 2. Finally, the hydrogen
flow rate is proportional to the product of the LOHC mass flow rate in
the reactor and the kinetic rate, as shown by Eq. (23), which ultimately
highlights how the three control variables identified in Fig. 3 affect the
system output.

𝑟 = −dDoH
d𝑡

= 𝑘0 ⋅ 𝑓 (𝑇 ) ⋅ 𝑔(𝑝) ⋅ DoH𝑛 (21)

𝑟 = 𝑘0 exp
(

−
𝐸𝑎
𝑅𝑇

)

exp (−𝑏𝑝) DoH2 (22)

̇ H2
= 𝑤𝑚̇LOHC 𝑟 (𝑇 , 𝑝,DoH) (23)

Thus, for a given catalyst (𝑘0), it is possible to increase the hydrogen
output with an increase in LOHC flow rate, an increase in reactor
temperature, or a decrease in pressure. All three control strategies
are executed through individual Proportional–Integral (PI) controllers
reacting to the error between the actual hydrogen release and the
target release determined by the instantaneous power demand. In the
proposed layout, the primary control parameter is the LOHC flow
rate, with temperature and pressure acting as secondary and tertiary
control parameters. The hierarchical order of action is enforced by
inserting time delays over both the temperature and pressure con-
trollers, delayed, respectively, by one and two simulation steps; this
hierarchy is further reinforced by the proportional gain values, which
are summarized in Table 3, together with the integral gains and the
lower and upper bounds for each control variable. Temperature and
pressure limits have been discussed in a previous paper [53] but actual
controller gains have been changed to allow for stable operation in
this new parallel control setup. The LOHC flow rate is assumed to
be controlled through the opening ratio of the valves connecting the
active vessel to the reactor (Fig. 3): throughout the operation it can
be changed from zero to double the design value. The valve is further
subjected to an additional check to avoid reactor overfilling (i.e., LOHC
volume greater than the reactor volume).

Despite the number of control strategies deployed, small errors be-
tween hydrogen release and demand can be observed during transient
operation. Introducing a small hydrogen buffer may improve the system
response during these transients; the buffer level would rise as the
instantaneous error is positive, while the vessel empties when the actual
release does not meet the demand. If the cumulative integral of the
error is negative, the amount of hydrogen released by the system up
to a given time instant is less than the amount needed to meet the
demand. Otherwise, if the integral is always positive, the introduction
of the hydrogen buffer would enable both higher autonomy and better
usage of the energy storage; however, the overall volume and weight

https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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Table 2
Parameters required by the kinetic model.

Variable Value Source Variable Value Source

Activation energy 𝐸𝑎 121 kJmol−1 [31] Reaction enthalpy 𝛥𝐻𝑟 50.6 kJ mol−1H2
[61]

Pressure coefficient 𝑏 1.397 bar−1 [31] Frequency factor 𝑘0 2.609 × 1012 min−1 [31]
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Table 3
Controlled variables upper and lower bounds, and PI controllers proportional and
integral gains. Controllers operate in parallel over the hydrogen release error. Mass
flow rate control bounds are set with respect to the nominal inlet LOHC mass flow
rate.

Variable Lower bound Upper bound Proportional gain Integral gain

Temperature 433.15K 500.15K 20.00 2.00
Pressure 1.1 bar 5 bar 2.00 0.20
LOHC flow rate 0% 200% 10.0 0.01

of the LOHC subsystem would increase. Although the hydrogen buffer
component is not modeled in this analysis, the cumulative error be-
tween the actual and target flow rate cumulative integral is evaluated
to assess the effectiveness of the control system.

3. Results and discussion

Results are presented below following the order of presentation
proposed in Section 2, distinguishing between the sizing sections (SOFC
and LOHC systems) and the dynamic response. While the first section
regarding the SOFC is not influenced by the choice of hydrogen carrier,
the second section shows the sizing results obtained with the choice
of NEC, DBT, DEC, or MCH as hydrogen carriers, and compares them
to the results available in the literature related to ammonia [47]. The
dynamic response of the NEC system is finally analyzed to test the tech-
nical feasibility of LOHC systems to follow a dynamic load. Although
sizing of the LOHC system is required to proceed with the dynamic
simulation, this provides crucial information about the feasibility of a
LOHC-based storage system. Therefore, the load response subsection is
presented just after the SOFC design, while the LOHC system design
and the comparison with ammonia-based systems are presented at the
end of this section.

3.1. SOFC design

Table 4 summarizes the main characteristics of the SOFC stack
sizing.

The stack surface has been calculated by choosing the maximum
power density (see Fig. 2) as the rated operating conditions (load factor
equal to one). Fig. 4 represents the efficiency profile for the sized stack
with respect to the load factor. The operating conditions resulting from
the load have been identified through the corresponding load factors
(see Fig. 1) and highlighted as red dots.

The model returns an average efficiency (47%) in agreement with
the results presented by Di Micco et al.1 in the paper taken as Ref. [47].
Given the gravimetric and volumetric power density, provided in the
reference paper, of 18.4 kW t−1 and 10.1 kWm−2 respectively, the re-
ulting SOFC mass and volume are as featured in Table 4. The values
eported by [47] are associated with a peak power of 8.3MW instead
f the nominal 8.4MW, but otherwise perfectly align.

Table 4 also provides the efficiency range associated with the lowest
nd highest power demand for the given stack, corresponding respec-
ively to the highest (57.2%) and lowest (36.0%) efficiency (HHV-
ased), while the average efficiency is 41.28%. Dividing the energy

1 The value reported in the reference is 57% (LHV). However, using the
rovided data to evaluate the average load factor reveals that it must be
nstead 47%.
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s

Fig. 4. SOFC loading curve for 𝑇 = 750 ◦C and 𝑝 = 1.1 bar, as in [47]. Red dots indicate
the load factors of Fig. 1.

requirement by the hydrogen heating value returns the minimum hy-
drogen mass required onboard. The current density range is reported as
well and is associated with an overall stack voltage of 480V as proposed
y Di Micco et al.. The associated voltage and current density values
re also reported.

In general, the ammonia and LOHC propulsion systems are very
imilar, as should be expected. However, it must be noted that in the
uture ammonia-powered ships could possibly rely on alternative, more
ompact solutions such as ammonia-fueled engines or direct ammonia
uel cells [62,63].

.2. Dynamic load

The hydrogen carrier chosen to test the dynamic response is NEC.
able 5 lists the initial conditions assumed for the dynamic simulation
nd the range of DoH values allowed during operation.

Fig. 5 depicts the effective hydrogen release over time, compared to
he hydrogen mass flow rate demand that has been evaluated coupling
ata from Figs. 1 and 4. The LOHC system is flexible enough to
over the demand throughout the entire operating time. Despite the
igh variability of the load, delay time and overshooting are limited
n duration and intensity. Switching to more realistic ramp-like load
odulation would reduce the associated misalignment, as highlighted

y the ramp transition zoom panel.
Fig. 6 provides the trend for each control parameters that led to the

resented release profile. Analysis of the profiles reveals that the inlet
ass flow rate is mostly relatively close to the design value (100% in

he top panel), with fast increases or decreases corresponding to the
tep transition in Fig. 1. Similarly, after the initial temperature drop
nd pressure increase, both profiles follow more variable trends. As a
ierarchical action order has been introduced through time delays, fast
ariations associated with load step changes are followed primarily by
he LOHC flow rate, with temperature and pressure control modulating
he discharge to compensate for the decreasing DoH value over time.
he two profiles are quite similar due to both being associated with
ydrogen discharge through an exponential factor [31], although pres-
ure has to increase to hinder the reaction, while the opposite is true
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Table 4
SOFC stack sizing and main features. [47] stack are reported to ease the comparison.

Variable Value Variable Value

Surface 232.43m2 Volume 831.68m3

Mass 456.52 t Current density range 0.27A cm−2 to 3.7A cm−2

Average efficiency 41.28% (HHV) Average efficiency 48.38% (LHV)
Efficiency range 35.99% to 57.17% (HHV) Average load factor 0.37
Current density efficiency range 0.27A cm−2 to 41.28A cm−2 Cell voltage range 429mV to 431mV

Reported average efficiency 47% (LHV) Reported mass 451.1 t
Reported volume 821.8m3 – –
Fig. 5. Hydrogen demand (dashed line) and effective release (solid line) over time. A complete overview is provided (top panel) as well as a zoom view over step (left panel)
nd ramp (right panel) load transitioning.
Table 5
Simulation initial conditions and constraints on the DoH range, using NEC as the
hydrogen carrier.

Variable Value Variable Value

Temperature 473.15K Pressure 1.1 bar
Inlet mass flow rate (LOHC) 1.99 t s−1 DoH0 0.95
Minimum DoH 0.20 Maximum DoH 0.95

for temperature. Additionally, temperature changes are higher than
pressure changes.

It should be highlighted that although the kinetic model is less
accurate as the pressure increases due to a lack of high-pressure exper-
imental data [31], the results obtained are still valid, because different
kinetic data would simply slightly change the pressure values returned
by the controller without a significant impact on the system output.

The evolution of the degree of hydrogenation is plotted in Fig. 7. As
expected, the final DoH is approximately 0.20, aligning with the design
choice. Steeper slopes are associated with higher load factors; the final
DoH value is actually 0.1998 due to the effect of transients.

The cumulative error over time between hydrogen demand and
ctual release is represented in Fig. 8. At the end of the simulation
he cumulative error is a positive value, associated with a hydrogen
elease slightly higher than designed (see the hydrogen mass supply
87

n Table 6). Horizontal sections are associated with stationary load
conditions, where the release error with respect to the demand is
null. Positive slopes mean that the release is higher than the demand,
while decreasing slopes mean that the hydrogen released is lower than
the target value. Although limited, even the ramp-like transition in
the bottom panel of Fig. 5 is actually associated with an error. More
specifically, approximately 3.0 kg of hydrogen surplus are released in
addition to the 117.6 kg of the hydrogen demand. As the cumulative
error sign is always positive, the introduction of a hydrogen buffer
could complement the already satisfactory dynamic performance of
the PI controllers. The cumulative error would therefore correspond
to the mass content of the vessel (maximum 11.4 kg, that is, 0.0347%
of the minimum hydrogen supply). Decreasing slopes would then be
associated with the emptying of the buffer, and the demand would be
fully satisfied even during transients using the surplus hydrogen release
stages, which would otherwise be wasted.

In general, the dynamic behavior of the LOHC system appears to
be able to follow the changing load requirements. Different carriers
are expected to return similar results in terms of target matching, with
control variables following different trends.

3.3. LOHC system comparative design

Table 6 sums up the results of the LOHC system sizing, in terms
of mass and volume of the storage subsystem for different LOHCs;

the results are compared to the ammonia-based system presented in
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Fig. 6. Required controlled parameters trend over time to meet the hydrogen demand of Fig. 5. From top to bottom: mass flow rate control, and temperature (left) and pressure
(right) secondary control.
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Fig. 7. Overall DoH trend over time, evaluated over the whole system (vessels and
reactor).

the literature [47]. The mass content is evaluated with respect to
the molar mass of each carrier, while the volume of the DBT, MCH
and DEC systems is evaluated with the density at 293.15K; this value
may underestimate the effective volume requirement of the operating
system, if it is sized with reference to the LOHC density evaluated at
the operating temperature. In the case of NEC, the volume range in
Table 6 is calculated with the densities in the temperature range of
293.15K to 473.15K, to highlight the significant effect of temperature
on LOHC density.

Matching the load profile (Fig. 1) with the sized SOFC stack re-
turns a required chemical energy input of 1295MWh, corresponding
to the hydrogen mass indicated in Table 6 as hydrogen consumption.
However, the effective mass of hydrogen stored is higher by a factor
88

g

Fig. 8. Cumulative error over time between the hydrogen released and the target.

f DoH0∕
(

DoHmax − DoHmin
)

= 1.267 due to the constraints on the
minimum and maximum DoH, which reduce the operating DoH range
to 0.75 (Table 5). For NEC systems the total mass to be stored is 748.28 t:
pproximately 1.8 times the mass of ammonia. Although this value is
ssociated with an even higher hydrogen surplus of more than 26%
ue to the set DoH range, which could be used to some extent to
rovide a safety margin in case of higher power demand, a complete
ischarge (DoHmin = 0) is unlikely to be achievable. In any case, if
ehydrogenation could take place using the full DoH range (0.0 to 1.0),
he required total mass would drop to 562.77 t, which would still be
igher than the ammonia system by about 1.4 times. When comparing
ifferent LOHCs, the mass of NEC is the highest, which is reasonable
iven that the heteroatom in the aromatic ring (nitrogen inclusion)
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Table 6
Mass and volume of the hydrogen storage subsystem for different LOHCs. Ammonia sizing results taken from the literature
are reported in the bottom line for comparison [47].

Variable Value Variable Value

Hydrogen consumption 32.87 t Effective hydrogen stored 41.64 t

Loaded NEC and H2 mass 748.28 t Volume (NEC and H2) 778.80m3 to 912.26m3

Loaded DBT and H2 mass 690.93 t Volume (DBT and H2) 756.77m3

Loaded MCH and H2 mass 700.66 t Volume (MCH and H2) 909.95m3

Loaded DEC and H2 mass 594.83 t Volume (DEC and H2) 663.88m3

Ammonia mass 355.40 t Ammonia volume 402.20m3
reduces the storage capacity, although it lowers the dehydrogenation
temperature and reaction enthalpy [64]. The LOHC that results in the
lowest mass is DEC; however, its mass is still more than 1.6 times the
mass of ammonia.

Regarding the volume taken by the storage system, the NEC system
requires a volume that is approximately twice that of ammonia. The
MCH system is the largest because of the low density of the hydro-
genated compound. The other two LOHCs result in a lower volume
requirement than the ambient-temperature NEC, with again DEC pro-
viding the greatest reduction but still leading to a volume increase of
approximately 1.6 times compared to ammonia.

These results are further aggravated if the different handling of
the reaction products is taken into account. While ammonia produces
nitrogen, which can be released in the atmosphere, unloaded LOHCs
still need to be stored on board. In addition, the effective volume
requirements should also take into account the reactor volume. Di
Micco et al. provide a rough estimate of approximately 27.1m3 and
9.2 t for the heat exchanger, which should be compared to about at
east a 10% volume increase over the proposed volume data in Table 6
ssociated with the reactor volume fraction 𝑓𝑟 = 0.1 chosen in this
nalysis.

Finally, Fig. 9 illustrates the SOFC-LOHC thermal integration. LOHC
ehydrogenation requires a heat supply to drive the endothermic re-
ction, which provides the main heat sink source, and to heat the
OHC entering the reactor to the operating temperature. The available
OFC waste heat is plotted against the stack current density, taking
nto account both the total waste heat or just the change in reaction
nthalpy change; similarly, the NEC heat demand is plotted considering
nly the dehydrogenation reaction enthalpy change, or the total heat
emand including the heat required by the LOHC to reach operat-
ng temperature conditions, as determined by the reactor temperature
ontrol. Even assuming the maximum additional heat required for
emperature control (𝛥𝑇max = 𝑇max − 𝑇min, Table 3), which is actually
ever required for the given load profile (see the temperature panel in
ig. 6), the SOFC always provides enough waste heat to fully cover the
OHC requirement.

With specific reference to the load profile presented in Fig. 1, the
OFC system provides about 502.6MWh of total waste heat throughout
he course of the operation. Since the NEC system requires 229.20MWh
h heat, approximately 45.6% of the SOFC waste heat must be directed
o the LOHC system, at the expense of other possible cogeneration uses.
he temperature control of the NEC system generates a heat demand of
bout 0.3MWh, only 0.1% of the total, confirming that most of the heat
emand comes from the dehydrogenation reaction enthalpy change:
herefore, the curve that most closely represents the actual NEC heat
emand in Fig. 9 is the one associated with just the reaction heat, as
he change in the LOHC temperature is always significantly lower than
he maximum possible value 𝛥𝑇max.

Not accounting for the negligible heat requirement of the temper-
ture control, the heat required to drive the hydrogen release in a
BT, MCH, and DEC system is, respectively: 296.24MWh, 309.37MWh
nd 289.64MWh. If only the reaction heat of the ammonia system is
aken into account, then its heat requirement is just 139.57MWh [65].
lthough this value should be increased to account for the additional
89
Fig. 9. SOFC waste heat, NEC reaction entalphy with respect to current density,
and maximum possible heat demand. SOFC overpotential terms have been validated
with [51].

heat requirements, it is still much lower than LOHCs: thus, ammonia
also compares favorably to LOHCs in this regard, as its lower heat
demand means that more heat is available for other purposes, possibly
increasing the overall efficiency of the SOFC considered as a cogen-
eration unit (although this limitation is probably not as relevant for
the cargo ship here considered than for a passenger ship). However,
the reaction temperature of a NEC system ranges from 433.15K to
500.15K [53], which is significantly lower than the operating temper-
ature of ammonia, which is approximately 663.15K to 763.15K [66].
In comparison, the dehydrogenation of DBT, MCH, and DEC occurs in
the following temperature ranges: 563.15K to 623.15K [67], 453.15K to
500.15K [68], and 483.15K to 563.15K [69], respectively. While LOHC
temperature ranges are lower than the operating temperature range
of ammonia, even NEC systems, which are associated with the lowest
temperature range, still require relatively high-quality heat.

Different carriers would return different results; however, a system-
atic overview of possible liquid organic hydrogen carriers reveals that
the reaction enthalpy ranges from 40 kJmol−1 to 70 kJmol−1 and the
gravimetric capacity from approximately 5.5% to 7.2% [70], which are
respectively higher and lower than ammonia’s properties (30.9 kJmol−1

and about 17%), meaning that the advantage provided by ammonia
in terms of mass and heat demand does not depend on the particular
LOHC considered.

Overall, the NEC carrier has larger volume and mass constraints
than any other LOHC evaluated, but with a much lower heat require-
ment and with the lowest reaction temperature. Conversely, the DEC
system is the second next less heat-expensive carrier, and features

both the lowest mass and volume constraints and moderate reaction
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temperature. The MCH system, while featuring a mass content sec-
ond only to that of the DEC system, is associated with the highest
volume. DBT provides more intermediate properties both in terms of
size and energy requirements, but features by far the highest reaction
temperature. Ammonia systems are associated with both lower sizing
constraints and heat requirements, but heat needs to be supplied at a
higher temperature.

4. Conclusions

Current barriers to using hydrogen as fuel in maritime applica-
tions include: lack of safety requirements; low maturity of technology;
onboard storage space required; high investment cost. Demonstration
projects with propulsion systems using both internal combustion en-
gines and fuel cells are ongoing. The use of compressed or liquefied
hydrogen in fuel cells is a realistic option for the short-sea shipping
in the medium term. The first limited demonstration applications in
the ferry sector are expected this year. For ships above 5000 DWT,
only two hydrogen projects were initiated before 2020, but six new
projects have since begun, while for smaller vessels, twelve projects
were initiated before 2020, and five since, demonstrating a shift toward
hydrogen projects focusing on larger ships. However, ammonia is ex-
pected to be the best hydrogen storage option, especially for large-scale
applications [3].

This paper provides both a feasibility study of LOHC storage solu-
tions for cargo ships and a comparison between ammonia- and LOHC-
based storage. The results available in the literature for an ammonia
storage SOFC powertrain were chosen as Ref. [47]; the feasibility of
the system was evaluated in terms of the dynamic performance with
respect to the changing load.

The sizing and heat management aspects for four LOHC systems
(DBT, MCH, DEC, and NEC) are presented, the latter being used to
discuss the dynamic response. Dynamic simulations of the ship load
reveal that LOHC systems can meet the changing target requirements,
thanks to the primary LOHC flow rate control and secondary addi-
tional temperature and pressure control systems. The inlet mass valve
opening goes through an initial fast variation due to the step increase
or decrease, while temperature and pressure variations mostly deal
with keeping the set-point release over time. Going from step to ramp
load variations further alleviates the errors during transients, which
are already limited. Intermediate hydrogen buffers could potentially
remove any error, albeit at the cost of further volume constraints.

Despite the good dynamic response of the system, the LOHC volume
and mass required to store the needed hydrogen are significantly higher
than in the case of ammonia. DEC features the lowest size, with NEC
the highest mass, and MCH the highest volume. On the other hand,
ammonia systems are also associated with a lower dehydrogenation
heat, meaning that SOFC systems operating as cogeneration units are
less impacted by thermal coupling with the storage system. NEC results
in the lowest energy requirement among LOHCs, while MCH has the
highest. Reaction temperature ranges are lower for LOHC systems than
ammonia’s; however, LOHCs still require high-quality heat. Life Cycle
Analysis (LCA) tools may disclose other benefits for LOHC systems,
especially when accounting for the possibility to re-use the existing in-
frastructure for long-distance transport. However, technical feasibility
would still be hindered by the low energy density.

Overall, while LOHCs are capable of meeting the load demand, these
hydrogen carriers result in heavier and larger storage systems compared
to ammonia and also absorb more heat; therefore, LOHCs are probably
90

not the best option to store hydrogen for maritime applications. i
Nomenclature

𝐷 Diffusion coefficient (m2 s−1)
𝐸H2

Hydrogen chemical energy (MWh)
𝐸𝑎 Activation energy (Jmol−1)
𝐹 Faraday constant (9.6485 × 104 Cmol−1)
𝐼 Current (A)
𝑗 Current density (Am−2)
𝑘 Frequency factor (s−1)
𝑚 Mass (kg)
𝑚̇ Mass flow rate (kg s−1)
𝑀 Molar mass (gmol−1)
𝑛𝑐𝑒𝑙𝑙 Number of cells in the stack
𝑃 Power (MW)
𝑝 Pressure (bar)
𝑅 Universal gas constant (8.3145 Jmol−1 K−1)
𝑇 Temperature (K)
𝑡 Time (h)
𝑈𝑓 Fuel utilization factor (%)
𝑉 Voltage (V)
𝑤 Maximum LOHC hydrogen gravimetric capacity (%)
𝑧 Moles of electrons involved in the fuel cell reaction
Greek letters
𝛿 Thickness (m)
𝛾 Exponential factor (Am−2)
𝜂 Efficiency (%)
𝜎 Electrical conductivity (Sm−1)
Subscripts
𝑎 Anode
𝑐 Cathode
𝑒𝑙 Electrolyte
Acronyms
DBT DiBenzylToluene
DEC Decaline
DoH Degree of Hydrogenation
DWT Deadweight Tonnage
FC Fuel Cell
GHG Greenhouse gas
HHV Higher Heating Value (MJkg−1)
IMO International Maritime Organization
LCA Life Cycle Assessment
LHV Lower Heating Value (MJkg−1)
LOHC Liquid Organic Hydrogen Carrier
MCH Methylcyclohexane
NEC N-EthylCarbazole
PEMFC Proton Exchange Membrane Fuel Cell
PI Proportional–Integral
SOFC Solid Oxide Fuel Cell
TOL Toluene
TPB Triple Phase Boundary
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