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Abstract: One of the main issues that has limited the use of hydrogen as an energy vector for
a long time is its low energy density per unit of volume. Alternative chemical storage methods
have been developed in recent years to overcome the limitations associated with compressed or
liquified hydrogen storage. One of these is the Liquid Organic Hydrogen Carrier (LOHC), which
utilizes organic hydrocarbons that can capture hydrogen (through an exothermic hydrogenation
reaction) and release hydrogen (through an endothermic dehydrogenation reaction). In this paper, a
0D model of an internal combustion engine fueled with a mixture of hydrogen and methane was
used to investigate whether the enthalpy of the exhaust gases can balance the heat rate required to
self-sustain the dehydrogenation stage. Two LOHC+ compounds were considered, namely, Perhydro-
dibenzyltoluene and Perhydro-N-Ethylcarbazole. Four different hydrogen-to-methane ratios were
considered, assuming an engine maximum brake power ranging from 500 to 6000 RPM. An energy
balance was performed, balancing the dehydrogenation heat rate and the exhaust gas cooling heat
rate, in order to establish the minimum temperatures of the exhaust gases required to self-sustain the
LOHC+ dehydrogenation. We demonstrated that the minimum exhaust temperatures required to
self-sustain the process in different running regimes and at different hydrogen-to-methane ratios are
lower than literature and experimental exhaust temperatures.

Keywords: dehydrogenation; hydrogen; hydrogen storage; liquid organic hydrogen carriers;
Perhydro-dibenzyltoluene; Perhydro-N-Ethylcarbazole

1. Introduction

Hydrogen is the first and the lightest element in the periodic table. In nature, under
standard conditions, hydrogen is found in gaseous and diatomic forms (H2). Under
these situations, the gas is stable, tasteless and colorless, and it has low melting and
boiling temperatures (−259.2 ◦C and −252.9 ◦C, respectively) [1]. Furthermore, hydrogen
molecules are highly flammable. However, following a chemical reaction in the presence
of oxygen, the final product is H2O; this fact has made it possible to identify hydrogen
as a possible fuel for use in large machinery or even in moving vehicles, as nowadays it
is increasingly important to minimize the emissions produced. In this case, the product
(water) does not pollute the environment [2].

Various methods can be used to produce hydrogen, such as the exploitation of fossil
fuels rather than nuclear energy or of that obtained through renewable energy sources,
which is about 5%. This percentage denotes the problem of high emissions due to the
production of hydrogen, as almost 95% of production is through fossil sources, and the
development of technology in the direction of renewable sources is undoubtedly a great
incentive to try to adopt such production methods [2].
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The density of hydrogen is decidedly low and significantly lower than diesel fuel and
petrol. Therefore, large-volume systems are needed to store H2. Thanks to scientific research
and the technological progress of recent years, it has been possible to achieve solutions that
act directly on the pressure and temperature conditions of the storage tank. More precisely,
solutions have been adopted over the years that allow for an increase in the amount of
hydrogen that can be accumulated inside the tanks by exploiting, for example, very high
pressures (up to the order of 70/80 MPa) or by considerably lowering the temperatures.
Gaseous hydrogen storage is subjected to pressures around 70 MPa to increase density and
design smaller tanks. Liquid storage follows the liquefaction of the hydrogen. In this way,
the density reaches higher values than in the previous case; the percentages are around
27% compared to standard fuels of petroleum origin. These methods are valid and are in
continuous development and optimization. However, it is difficult to achieve their reliable
use and, at the same time, effectiveness within applications related to the automotive sector
in the short term, as it would be challenging to design tanks resistant to high pressures
while keeping vehicles light at a low cost. In this context, an optimal solution consists of
the use of carbon fibers, which inevitably increases costs. Regarding liquid storage, the
necessity to heavily insulate the liquid at the low temperatures seen previously (−253 ◦C)
takes up too much space. It is also necessary to consider any safety problems linked to these
parameters in order to envisage, for example, the use of blowoff valves rather than sensors
positioned at critical points. For these reasons, alternative storage methods have also been
developed recently, i.e., the so-called LOHCs (Liquid Organic Hydrogen Carriers) [3].

Within a LOHC system, a cycle takes place that initially provides for the presence
of a LOHC-compound, i.e., hydrogen discharge. In the presence of H2 (for example, it
can be obtained from an electrolysis process), a hydrogenation reaction occurs, in which
the compound is charged and becomes LOHC+. Subsequently, another reaction occurs,
known as dehydrogenation, in which the H+ ions separate from the compound and are
conveyed where necessary (for example, inside a fuel cells of IC engines). At the same
time, the LOHC becomes discharged and can start the cycle again, as just described.
Notably, the hydrogenation reaction is exothermic, whereas the dehydrogenation reaction
is endothermic [3]. Figure 1 summarizes the process of a generic LOHC system [4,5].
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This system is easy, and it allows the accumulation of hydrogen, binding it to a
compound in much higher quantities than the storage of hydrogen alone. It also allows
for a reduction in the cost associated with the transport of the substance. Furthermore, the
LOHC compounds are stable over time and do not undergo any particular deterioration
throughout the various hydrogenation/dehydrogenation cycles.

Over the years, many studies have been carried out on different types of compounds
identifiable as a LOHC, such as Benzene/Cyclohexane and Toluene/Methylcyclohexane. As
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far as the automotive sector is concerned, the pair Dibenzyltoluene/Perhydro-dibenzyltoluene
(abbreviated as H0-DBT/H18-DBT, the first of which is discharged of hydrogen while the
second is charged) arouses particular interest, as both the LOHC+ and the LOHC- are not
flammable. This is essential for safety and has positive consequences for transport, favoring
the movement of more significant quantities of a compound under optimal conditions and
reducing costs.

Following the significant development of technology and research in recent years and
considering the importance and need to produce energy by reducing emissions, vehicles
equipped with alternative propulsion systems have been introduced into the market. A
great advantage of the use of hydrogen as compared to batteries lies in the weight. For the
propulsion of heavy vehicles (i.e., cargo), it is almost impossible and highly inconvenient
to adopt batteries, as they would considerably increase the weight of the vehicles, thus
significantly reducing the load capacity or the autonomy of the vehicles. Therefore, in
parallel with the development of batteries in electric cars, research has developed a series of
different solutions, united by hydrogen as fuel. The first solution described is the fuel cell.
This makes it possible to limit harmful emissions by acting on certain pollutants according
to the technology adopted; the final product of the reaction is H2O. Hydrogen can also
be used as a fuel in internal combustion engines. In recent years, the interest in dual-fuel
engines has assumed particular importance. In this regard, various studies and research
have been carried out on the integration of hydrogen when suitably exploited with another
more common fuel, such as petrol or diesel, which could contribute to the improvement of
performance and emissions, acting directly on the combustion process in the cylinder.

This study considers a FireTM 1.4 L, 8-valve, 4-stroke spark ignition engine manufac-
tured by FiatTM (Turin, Italy). The choice of this engine was made because FIAT already
converted this engine to methane as fuel for some commercial vehicles (i.e., Fiat PandaTM

and Fiat Grande PuntoTM (Turin, Italy)), where methane is stored in compressed tanks
at 350 bar maximum pressure. The brake power curve of the engine fueled with com-
pressed natural gas (CNG) is given by the manufacturer and used in a previous work,
in which methane was mixed syngas from biomass gasification [6]. As far as hydro-
gen storage is concerned, the use of two LOHC+ compounds was considered, namely,
Perhydro-dibenzyltoluene (H18-DBT) and Perhydro-N-Ethylcarbazole (H12-NEC). These
two compounds were selected since they have excellent properties for transport and safety
(they are non-flammable), and their dehydrogenation enthalpy values are lower than all
the other compounds. Four different syngas compositions were evaluated.

1. 100% H2 (Case 1)
2. 75% H2, 25% CH4 (Case 2)
3. 50% H2, 50% CH4 (Case 3)
4. 25% H2, 75% CH4 (Case 4).

The percentages above are depicted in terms of volume. This study aimed to create a
simplified model by assessing some parameters, which allows one to find the values of the
temperatures of the exhaust gases and their energy. Once temperature values are known, it
is also possible to trace the values of the two powers on which the comparison is based, i.e.,
that of the exhaust gases and that required for the dehydrogenation of the LOHC+ to take
place.

2. Materials and Methods

From [6,7], it is possible to identify the following formula that estimates the Indicated
Power Pi (kW) of an engine:

Pi = ρair·Vd·λ′v·ηi·Ki/αs·φ·N/2 (1)

where ρair is the air density (kg/m3), Vd is the displacement (m3), λ′v is the volumetric
efficiency, ηi is the indicated efficiency calculated through Equation (2), Ki is the lower
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calorific value (MJ/kg), αs is the stoichiometric air–fuel ratio, φ is the equivalence ratio,
and N is the rotational speed (RPM).

ηi = ηth·ηp·ηtr·ηci·ηad·ηc (2)

In this equation, ηth, ηp, ηtr, ηci, ηad and ηc refer to the thermodynamic efficiency (with
regard to an ideal thermodynamic cycle), pumping efficiency, trapping efficiency, indicated
cycle efficiency, adiabatic efficiency and combustion efficiency, respectively.

During model creation, the same internal combustion engine is considered for each
combination of fuel used. In this case, the parameters ηp, ηad, ηth and η remain almost
constant due to their low dependence on the nature of the fuel used. Moreover, a further
hypothesis can be considered for the ηc. Usually, this parameter varies according to
the type of fuel considered; therefore, it cannot be kept constant for every choice of the
mixture. However, scientific studies demonstrate the dependence of this parameter on the
equivalence ratio φ; in particular, it has been noted that in the conditions of the maximum
load of spark-ignition engines, due to the use of rich mixtures, an increase in φ leads to
a decrease in the combustion efficiency. Therefore, in these particular cases, ηc can be
assumed equal to 1. So, Equation (1) can be rewritten in a simplified form:

Pi = ρair·Ki/αs·A (3)

where A is a fuel-independent constant. The term of ρair assumes the ideal gas conditions
are valid:

ρair = pair/Tmix·R (4)

where pair indicates the air pressure, Tmix is the temperature of the mixture at the inlet, and
R is a constant value of 287 J/(kg K) [6]. It is possible to create a relationship between pair
and the pressure in the suction line:

pair/pasp = nair/ntot (5)

where pasp is the pressure in the suction line, nair is the moles of air, and ntot is the moles in
the air–fuel mixture. In this regard, it is assumed that the air–fuel mixture is stoichiometric
and that the pasp is equal to the ambient pressure.

The number of moles can be calculated by exploiting the oxidation reaction of a fuel
in the form of Cn HmOr:

CnHmOr +
(

n +
m
4
− r

2

)
(O2 + 3.773N2)→ nCO2 +

m
2

H2O +
(

n +
m
4
− r

2

)
3.773N2 (6)

where the number 3.773 is obtained from the ratio between the moles of nitrogen and
oxygen in the air, while n, m and r represent the number of carbon, hydrogen and oxygen
atoms in the fuel molecule, respectively [6]. In a stoichiometric mixture:

nair/ntot =

(
n + m

4 −
r
2
)
·4.773(

n + m
4 −

r
2
)
·(4.773) + 1

(7)

αs =
(

n +
m
4
− r

2

)
(2·AWO + 3.773·2·AWN)/(nAWC + mAWH + rAWO·r) (8)

where the term AW denotes the atomic weights of carbon (12.011 g/mol), hydrogen
(1.008 g/mol), oxygen (16 g/mol) and nitrogen (14.07 g/mol) [6]. Within the model, the use
of a gas of variable composition has been considered, for which it is possible to implement
the slightly modified Equation (6), where the terms a, b, c, d and e represent the molar
fraction inside the syngas of H2, CO, CH4, N2 and CO2, respectively.

aH2 + bCO + cCH4 + dN2 + eCO2 +
(

a+b
2 + 2c

)
(O2 + 3.773N2)→ (b + c + e)CO2 + (a + 2c)H2O+[(

a+b
2 + 2c

)
·3.773 + d

]
N2

(9)
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Further, Equations (7) and (8) can be rewritten after introducing the molar fractions of
fuels in gaseous form:

nair/ntot =

(
a+b

2 + 2c
)
·4.773(

a+b
2 + 2c

)
·(4.773) + 1

(10)

αs =

(
a + b

2
+ 2c

)
(2·AWO + 3.773·2·AWN)/

(
aMWH2+bMWCO+cMWCH4+dMWN2+eMWCO2

)
(11)

The MW terms of Equation (11) indicate the molecular weights, respectively, of H2
(2.016 g/mol), CO (28.011 g/mol), CH4 (16.032 g/mol), N2 (28.16 g/mol) and CO2
(44.011 g/mol) [6].

Tmix = Tair

(
nair
ntot

)
+ Tsyngas

(
1− nair

ntot

)
(12)

In the model employed, for simplicity, it is assumed that Tair = Tsyngas = 20 ◦C.
The indicated power of the engine powered by syngas can be represented as a function

of the indicated power supplied by the same engine powered by petrol ( Pi,gasoline

)
. The

latter is derived from Pgasoline, the values of which characterize the graph of the power
curve, taking into account the power losses Pf riction. The two equations that quantify the
two powers mentioned overhead are as follows [6]:

Pi,syngas = Pi,gasoline

(
Ksyngas/αs

Kgasoline/αs

)(
ρair,gas/ρair,gasoline

)
(13)

Pi,gasoline = Pgasoline + Pf riction (14)

In these equations, ρair,gas is the density of the air in the air–fuel mixture (kg/m3), and
ρair,gasoline is the density of the air in the air–gasoline mixture, which is assumed to be equal
to the density of the air at 20 ◦C, the value of 1.225 kg/m3.

The Chen–Flynn model [8] is used to calculate the numerical values of Pf riction, consid-
ered equal both in the petrol engine and in the one fueled by gaseous fuel. Accordingly:

Pf riction = (0.4 + 0.005·pmax + 0.009Up + 0.0009U2
p)·105·nVd

τ/2
(15)

Here, pmax is the maximum pressure reached in the combustion chamber (70 bar), Up
is the average speed of the piston (m/s), and τ is the torque (Nm).

The power supplied by the engine that operates using syngas as fuel can be calculated
using the next equation [6]:

Pgasoline/Psyngas = Pi,gasoline/Pi,syngas·

(
1− (P f riction/Pi,gasoline)

)
(

1− (P f riction/Pi,syngas)
) (16)

It is possible to present other equations used in the model in order to carry out an
energy balance between the power of the exhaust gases and that necessary to make the
dehydrogenation take place in the various LOHC systems introduced.

The volumetric flow rate of the mixture was considered
.

Vmix, calculated through the
following formula:

.
Vmix =

N·Vd
τ/2

(17)

The air flow rate can be obtained then:
.

Vair =
.

Vmix
(
1−

(
nsyngas/ ntot)

)
(18)
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The mass flow rate of the air,
.

mair, can be calculated via multiplying the flow rate
obtained from Equation (18) by the density of the air (1.225 kg/m3).

.
mair =

.
Vair·ρair (19)

If the value of αs is known, it is possible to obtain the value of the mass flow rate of
the fuel, using the relationship:

.
m f uel =

.
mair/αs (20)

The value of the exhaust gas mass flow rate can be obtained with the equation:

.
mexh =

.
mair +

.
m f uel (21)

It is also possible to present formulas relating to the power balance in order to deter-
mine the minimum temperature of the exhaust gases necessary for the dehydrogenation
process of the stored LOHC to take place. The power of the exhaust gases is given by the
equation:

Pexh =
.

mexh·cp,exh·(Texh − Tads) (22)

where Tads is the temperature [K] at which the dehydrogenation of LOHC occurs, which
varies according to the choice of the LOHC; Texh is the temperature [K] of the exhaust gases;
and cp,exh is the specific heat at constant pressure [kJ/(kg K)] of the exhaust gases. This
parameter depends on Texh. Exploiting the ideal gas hypothesis [9]:

cp,exh = a + bTexh + cT2
exh + dT3

exh (23)

where a, b, c and d depend on the composition of the gases leaving the combustion chamber.
For instance, using only hydrogen as a fuel, H2O in the form of water vapor and inert N2
will be present in the exhaust (Case 1). In this case, for water vapor, the coefficients assume
the values of a = 32.24, b = 0.1923 × 10−2, c = 1.055 × 10−5 and d = −3.595 × 10−9 [9].

In the model under consideration, the reaction products in cases 2, 3 and 4 are water
vapor, CO2 (whose parameters are a = 22.26, b = 5.981 × 10−2, c = −3.501 × 10−5 and
d = 7.469 × 10−9) and N2 inert in gaseous form (a = 28.90, b = −0.1571 × 10−2,
c = 0.8081 × 10−5 and d = −2.873 × 10−9). The value cp,exh is acquired with the following
formula:

cp,exh =
(

x·cp,H2O + y·cp,CO2 + z·cp,N2

)
/(x + y + z

)
(24)

where the x, y and z weights of the mean take on a value equal to x = 1, y = 0 and
z = 0.5 × 3.773 for Case 1; x = 1.25, y = 0.25 and z = 1.75 × 3.773 for Case 2; x = 1.5, y = 0.5
and z = 1.25 × 3.773 for Case 3; and x = 1.75, y = 0.75 and z = 1.625 × 3.773 for Case 4. The
z-weights are calculated by multiplying 3.773 by the moles of O2 present in the reactants.
The dehydrogenation power (Pdes) can be calculated as follows:

Pdes =
.

m f uel ·∆hdes·θ (25)

where ∆hdes is the parameter that describes the enthalpy of dehydrogenation, and θ is a
coefficient that quantifies the mass fraction of H2 present in the syngas. In the model, θ is

assumed to be 1, 0.
−
27, 0.

−
1 and 0.04 for cases 1, 2, 3 and 4, respectively.

As can be seen, the coefficient θ is decidedly lower than the volumetric fractions that
define the four cases; this is due to the mass of hydrogen, which has a lower value than the
other compounds. The formula used for the calculation is as follows:

θ = (%molH2·MWH2)/((%molH2·MWH2) + (%molCH4·MWCH4)) (26)

The values of Tads and ∆hdes are taken from [3]. At this point, it is possible to equalize
the two powers (22) and (25), obtaining for each LOHC considered the minimum value of
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the exhaust gas temperature Texh (the only unknown) necessary for the dehydrogenation
process to take place.

Table 1 shows the data of the engine geometry adopted (4 cylinders). Tables 2–5
show the data relating to the syngas, the mixture and the air, with the relative units of
measurement, as the composition of the syngas, quantified by the volume fraction in the
respective tables.

Table 1. Characteristics of the motor adopted.

Parameter Value Parameter Value

Number of Cylinders 4 Thermal efficiency, neng 30%
Stroke 84 mm Volumetric efficiency, nvol 80%
Bore 72 mm Cylinder valves 2

Piston Area 0.016286 m2 Compression ratio 11:1
Displacement 0.001368 m3 Rotation Speed 0–6000 RPM

Table 2. Data for Case 1.

Parameter Value Parameter Value Parameter Value

V f H2
1 HCV 142.8 MJ/kg Tmix 20◦

V f CO 0 LCV 120.3 MJ/kg ρair,gasoline 1.225 kg/m3

V f CH4
0 Kgas/αs 3.496 ρair,gas 0.837 kg/m3

V f N2
0 Kgasoline/αs 3 p 1 atm

V f CO2
0 αs 34.411 pair,partial 0.7141 bar

Syngas
Density 0.0892 kg/m3 Xsyngas/total 0.295 Pi,syngas/Pi,gasoline 0.79666

V f = Volume fraction, HCV = Higher Calorific Value, LCV = Lower Calorific Value, X = Mole Ratio.

Table 3. Data for Case 2.

Parameter Value Parameter Value Parameter Value

V f H2
0.75 HCV 79.38 MJ/kg Tmix 20◦

V f CO 0 LCV 69.16 MJ/kg ρair,gasoline 1.225 kg/m3

V f CH4
0.25 Kgas/αs 3.158 ρair,gas 0.959 kg/m3

V f N2
0 Kgasoline/αs 3 p 1 atm

V f CO2
0 αs 21.898 pair,partial 0.8175 bar

Syngas
Density 0.2455 kg/m3 Xsyngas/total 0.193 Pi,syngas/Pi,gasoline 0.824

V f = Volume fraction, HCV = Higher Calorific Value, LCV = Lower Calorific Value, X = Mole Ratio.

Table 4. Data for Case 3.

Parameter Value Parameter Value Parameter Value

V f H2
0.5 HCV 65.3 MJ/kg Tmix 20◦

V f CO 0 LCV 57.8 MJ/kg ρair,gasoline 1.225 kg/m3

V f CH4
0.5 Kgas/αs 3.023 ρair,gas 1.018 kg/m3

V f N2
0 Kgasoline/αs 3 p 1 atm

V f CO2
0 αs 19.117 pair,partial 0.8678 bar

Syngas
Density 0.4018 kg/m3 Xsyngas/total 0.144 Pi,syngas/Pi,gasoline 0.837

V f = Volume fraction, HCV = Higher Calorific Value, LCV = Lower Calorific Value, X = Mole Ratio.
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Table 5. Data for Case 4.

Parameter Value Parameter Value Parameter Value

V f H2
0.25 HCV 59.1 MJ/kg Tmix 20◦

V f CO 0 LCV 52.8 MJ/kg ρair,gasoline 1.225 kg/m3

V f CH4
0.75 Kgas/αs 2.951 ρair,gas 1.053 kg/m3

V f N2
0 Kgasoline/αs 3 p 1 atm

V f CO2
0 αs 17.893 pair,partial 0.8975 bar

Syngas
Density 0.5580 kg/m3 Xsyngas/total 0.114 Pi,syngas/Pi,gasoline 0.845

V f = Volume fraction, HCV = Higher Calorific Value, LCV = Lower Calorific Value, X = Mole Ratio.

In order to carry out the power balance, it is also necessary to know the data relating
to the dehydrogenation enthalpies of the two LOHC+ compounds considered and the
temperatures at which the process takes place. Regarding H18-DBT, the two values are
respectively 65.4 kJ/mol H2 (at 1 bar) and 300 ◦C. In the case of H12-NEC instead, they
are equal to 50 kJ/mol H2 (at 1 bar) and 260 ◦C [3]. In this regard, it is necessary to clarify
that the temperatures predicted for the dehydrogenation of H12-NEC are included in a
wide range, so values lower than 260 ◦C could have been chosen. However, a conservative
choice was made, falling on the upper limit of 260 ◦C.

3. Results

Using the iterative method, the values of the minimum temperatures of the exhaust
gases were calculated, which allowed the dehydrogenation process of the two LOHC+ to
be triggered. The following Tables 6 and 7 show the obtained values of temperature Texh
and the values of cp,exh (which were previously expressed as a function of the unknown
parameter Texh), as well as the enthalpies exploited in the balance for different LOHC+
compounds.

Table 6. Calculated values for H18-DBT.

Parameters Case 1
(100% H2)

Case 2
(75% H2 + 25%

CH4)

Case 3
(50% H2 +50%

CH4)

Case 4
(25% H2 + 75%

CH4)

cp,exh 1.606 kJ/(kg K) 1.301 kJ/(kg K) 1.324 kJ/(kg K) 1.280 kJ/(kg K)

Texh 1150 K 875 K 710 K 630 K

∆h= cp,exh* ∆T 926.56 kJ/kg 392.84 kJ/kg 181.237 kJ/kg 72.75 kJ/kg
Tads = 573.15 K, ∆hdes = 65.4 kJ/mol H2 (32,700 kJ/kg H2).

Table 7. Calculated values for H12-NEC.

Parameters Case 1
(100% H2)

Case 2
(75% H2 + 25%

CH4)

Case 3
(50% H2 +50%

CH4)

Case 4
(25% H2 + 75%

CH4)

cp,exh 1.547 kJ/(kg K) 1.271 kJ/(kg K) 1.302 kJ/(kg K) 1.263 kJ/(kg K)

Texh 990 K 770 K 640 K 575 K

∆h = cp,exh* ∆T 706.79 kJ/kg 301.135 kJ/kg 139.16 kJ/kg 52.866 kJ/kg
Tads = 533.15 K, ∆hdes = 50 kJ/mol H2 (25,000 kJ/kg H2).

The specific heat values are acquired after obtaining the Texh value, which satisfies the
heat balance equation. From the numerical values of the tables, it can be noted that the Texh
necessary for the dehydrogenation of H18-DBT are higher than those for dehydrogenation of
H12-NEC; this could also be understood from the difference between the enthalpies of the
dehydrogenation of the two compounds. Another critical observation lies in the fact that the



Appl. Sci. 2023, 13, 4424 9 of 12

Texh decrease as the volumetric fraction of CH4 increases; in the case of H18-DBT, starting from
a value of 1150 K (100% H2) and arriving at a minimum of 630 K (25% H2), while choosing
H12-NEC as the compound, the values will be, respectively, 990 K (100% H2) and 575 K (25%
H2). In this regard, it is possible to draw a graph that precisely describes the trend of Texh
as a function of the volumetric fraction of H2. Figure 2 shows the calculated Texh values for
H18-DBT and H12-NEC with changes in the hydrogen ratio. Data from some experimental
studies in the literature are also shown in the same figure. It should be noted that while the
Texh values obtained from our study show the minimum exhaust temperatures required to
self-sustain the process, the exhaust gas temperature values observed in experimental studies
are independent of the dehydrogenation process. As shown in Figure 2, the exhaust gas
temperature values observed with low amounts of hydrogen in the fuel may be sufficient
to initiate dehydrogenation. It should be noted that the values for the different references
indicated in the image are calculated using different fuel compositions.
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Figure 2. Texh trend as volumetric % of H2 varies [10–13].

The obtained temperatures, especially in simulations 2, 3 and 4 (therefore, with the
addition of CH4), have values consistent with those typically reached by the exhaust gases at
the exit from the combustion chamber. Suppose the actual temperatures are lower than the
tabulated ones (the minimum for the dehydrogenation process to occur). In that case, acting
directly on the combustion process is possible. Otherwise, integrations with the engine
system can be envisaged. Among these solutions, the most typical consist of exploiting
electric energy to increase the temperatures (Joule effect) or using post-combustors [3].
The first solution would require an adequate electrical system, which is usually applied in
vehicles that use fuel cells. The second one is more interesting since it strictly concerns the
field of internal combustion engines. The latter system introduces hydrogen burners, which
make it possible to supply the missing energy to implement the dehydrogenation process
by directly burning a part of the hydrogen detached from the LOHC+ compound [3].

For each of the four cases, it is possible to compare the trends of the Pdes values
necessary for the dehydrogenation of the two compounds (H18-DBT and H12-NEC) as
the RPM varies; the results are represented in the following Figures 3 and 4. The Pdes
required in selecting H12-DBT are decidedly lower than those necessary to dehydrogenate
the H18-DBT compound, precisely because of the difference between their enthalpies. It
can be remarked that, since the lines are straight, the most remarkable differences in terms
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of the Pdes required are found for high RPM values. On the other hand, the differences are
less marked for low RPM values.
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Figure 4. Pdes values for Perhydro-N-Ethylcarbazole (H12-NEC).

Table 8 summarizes the results obtained, indicating for each simulation and LOHC
the respective obtained values of Texh and Pdes,max, where the maximum dehydrogenation
power is obtained at a regime of 6000 RPM. It should be noted that, since the power diagram
represents a linear trend, if the value in one point is known (i.e., 6000 RPM), it is possible to
identify the Pdes for any other RPM by employing a simple proportion.

H12-NEC needs a lower thermal power compared to H18-DBT, and then the exhaust
temperatures required are lower for H12-NEC. However, this LOHC has a high melting
point that can be overcome by designing specialized methods for storage and transporta-
tion that can maintain the necessary temperature or by combining H12-NEC with other
chemicals to lower its melting point. Yet, these methods can add complexity and cost to the
refueling process, which can make refueling less practical when used for vehicles.
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Table 8. Results summary.

Case Number H18-DBT H12-NEC

1 (100% H2) Texh = 1150 K
Pdes,max = 56.113kW

Texh = 990 K
Pdes,max = 42.900kW

2 (75% H2 + 25% CH4) Texh = 875 K
Pdes,max = 27.533 kW

Texh = 770 K
Pdes,max = 21.049 kW

3 (50% H2 + 50% CH4) Texh = 710 K
Pdes,max = 13.639 kW

Texh = 640 K
Pdes,max = 10.427 kW

4 (25% H2 + 75% CH4) Texh = 630 K
Pdes,max = 5.426 kW

Texh = 575 K
Pdes,max = 4.148 kW

4. Conclusions

Two different LOHC compounds were taken into consideration, namely, H18-DBT and
H12-NEC, which have different characteristics and properties. A 0D model was used for
calculating the dehydrogenation power Pdes and the minimum exhaust gas temperatures
Texh for the dehydrogenation process to take place. We demonstrated that obtaining
sufficient energy to dehydrogenate the LOHC compounds is possible by exploiting the
exhaust gases at certain values of Texh calculated and indicated beforehand. We also showed
that the dehydrogenation power Pdes increases with the rise in the rotational speed for both
H18-DBT and H12-NEC. As the CH4 volumetric fraction increased, Texh started to decline.
The required power for dehydrogenation was calculated at a higher value for H18-DBT at
all rotational speeds than it was observed for H12-NEC.

The simulations carried out within this work can be further refined by exploiting
special engineering software for calculating the temperatures reached in the chamber
during the combustion process for an engine cycle, as well as by carrying out suitable
experimental tests in order to compare the results and possibly validate everything. Finally,
it should be noted that the implemented model requires a tank containing the LOHC+
liquid and a catalyst that allows the dehydrogenation process to occur. Therefore, it is
advisable to design and validate these components, as well, paying attention to their size
and weight, as discussed for the automotive sector. For this reason, the study and use of
geometries and materials that allow the process to take place should be optimized.
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Abbreviations

CNG Compressed natural gas Ki Lower calorific value
H0-DBT Dibenzyltoluene

.
m Mass flow rate

IMEP Indicated mean effective pressure X Mole ratio
LOHC Liquid organic hydrogen carrier p Pressure
H18-DBT Perhydro-dibenzyltoluene ηp Pumping efficiency
RPM Revolutions per minute N Rotational speed
ηad Adiabatic efficiency cp Specific heat at constant pressure
Up Average piston speed αs Stoichiometric air–fuel ratio
ηc Combustion efficiency

Tads
Temperature at which the dehydrogenation
of LOHC occurs

ρ Density
Texh

Minimum exhaust temperatures required
to self-sustain the process

Vd Displacement Tmix Temperature of the mixture at the inlet
φ Equivalence ratio ηth Thermodynamic efficiency
A Fuel independent constant τ Torque
R Gas constant ηtr Trapping efficiency
ηci Indicated cycle efficiency λ′v Volumetric efficiency
ηi Indicated efficiency

.
Vmix Volumetric flow rate of the mixture

Pi Indicated power V f Volume fraction
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