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ARTICLE INFO ABSTRACT

Keywords: To address the global climate crisis, international initiatives such as the Conferences of Parties (COP) have
Electrified steam methane reforming promoted reducing greenhouse gas emissions. Among the sectors with the greatest impact on achieving carbon
Hydrogen neutrality, the maritime sector faces increasing regulatory pressure to reach decarbonization. In this context,
ge?;fb onization Molten Carbonate Fuel Cells (MCFCs) offer a promising solution by simultaneously generating electricity and

capturing CO, from exhaust gases. This research aims to enhance the integration of electrified Steam Methane
Reforming (eSMR) with MCFC systems for sustainable maritime applications. In fact, to sustain this process, a
continuous hydrogen supply is required. This study explores an innovative "shell and tube" configuration of an
eSMR as a compact and energy-efficient solution. Through simulations modeling, key parameters such as gas
inlet temperature, coil temperature, and reactor geometry were analyzed to optimize reactor performance. The
reactor showed excellent performance in almost all cases examined, reaching equilibrium in the first half of the
reactor length. Analysis of the pitch distance showed that the radial diffusion of the reactants towards the
catalyst surface seems to be the limiting phenomenon. On the other hand, the performance was found to be little
affected by the gas temperature, since the catalyst is in intimate contact with the heating zone, the reactants
reaching the reactive zone immediately achieve the temperature of the catalyst, which promotes its kinetics.

Mathematical modeling

1. Introduction one of the latest sectors to be subject to regulations. Specifically, the
"broader EU ETS reform" of June 2023 requires the maritime sector to
comply with the trading system as of January 1, 2024 [3].

To achieve the reduction of CO5 emissions in the maritime sector, a

In the context of the global climate crisis, coordinated efforts such as
the Conferences of Parties (COP) have promoted international dialogue.

Regarding the European Union, the primary goal, as stated in the Eu-
ropean Green Deal, is a reduction in Greenhouse Gas (GHG) emissions of
50% by 2030 and of 100% by 2050, in order to achieve carbon neutrality
[1,2]. Over the years, the regulatory framework has increasingly
expanded to cover the majority of economic sectors. In particular, the
energy sector remains one of the most critical due to its significant
emissions from burning fossil fuels for electricity and heat supply. This
has driven a strong push toward the adoption of renewable energy
sources. Consequently, the industrial sector now operates under strin-
gent guidelines aimed at curbing emissions from industrial processes
and enhancing energy efficiency. Similarly, the maritime sector,
responsible for 3% to 4% of global emissions [3], has recently become
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variety of solutions may be involved, depending on the type of ship,
engine and fuel. Among the most extensively studied post-combustion
treatments, this work focuses on the Molten Carbonate Fuel Cell
(MCFC) technology [4-6]. This system can efficiently generate electrical
energy from a compact unit while simultaneously capturing CO, from
the exhaust gases of the ship’s engines [7]. Specifically, CO3 is recovered
alongside steam, from which it can be easily separated. After water
condensation, CO5 is normally liquefied with a purity up to 99.5%
[8-10]. To make this approach feasible, a continuous supply of
hydrogen is required to fuel the anode side of the stack, while the
cathode is supplied with the stocked CO2-rich exhaust gas. The focus of
this study is the selection of an appropriate hydrogen production
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method, with particular emphasis on compact and sustainable units,
while also considering the need for a small footprint and low CO2
emissions. A promising solution in this sense is represented by the
electrified Steam Methane Reforming (eSMR). In eSMR the conventional
burners are replaced by electrical heaters, allowing for space saving and
a reduction in fossil fuel consumption for heat generation. This enables
accurate thermal control and improved energy efficiency, delivering
heat directly to the target process [11,12]. Among the multiple types of
electrified heating systems, resistive reformers show a higher degree of
maturity and research potential, as they offer flexibility to propose
innovative and compact designs due to their simple working principle
[12-14].

The aim of this work is the investigation and optimization of an
innovative resistive eSMR configuration integrated into the MCFC pro-
cess. Specifically, operating parameters such as gas inlet temperature,
coil temperature, and outer radius variations were examined to optimize
reactor performance through modeling simulation.

2. Mathematical model
2.1. Reactor geometry and general assumptions

The reactor geometry under investigation is similar to a shell-and-
tube heat exchanger. The tubes are electrical resistances which pro-
vide heat through the coil for the strongly endothermic reaction of SMR.
Each coil is coated with a thin washcoat layer of porous Al;03 with Ni
impregnation as active element for the catalysis. On the shell side, the
gas flows in the axially, diffuses radially into the heated catalyst layer,
and reacts. In the model, a single tube module is considered.

It is important to note that the outer radius of a module, Ry, does not
represent a physical wall between the tubes but rather serves as a
fictitious boundary for the modeled control volume. It represents the
spacing between adjacent modules, as illustrated in Fig. 1. Beyond this
distance, the gas is assumed to flow into another module, where radial
diffusion is no longer considered. Consequently, the geometry of a single
reacting element can be approximated as a tube-in-tube or annular
configuration, with the following sections:

e 0 <1 < R heating resistive element
® Ry < T < Ripe: catalyst porous solid layer
® Rint < 1 < Ry, shell side of the gas

The different layers for a module are shown in Fig. 2. The distance
between the centers of two modules is referred to as Pitch. Common
assumptions for the system include a laminar flow regime, justified by
the low Reynolds number of all the cases studied, and the steady-state
operation of the reactor.

Fig. 1. Cross section of two adjacent modules.
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Fig. 2. Longitudinal section of a single module.

The objective of this work is to determine the optimal set of geo-
metric parameters (e.g., tube pitch and outer radius) and operating
conditions (e.g., temperature and feed concentration) to meet the re-
quirements of the MCFC process. This is achieved by simulating a single
module, whose results can be extended to any number necessary to
provide an overall assessment of the reactor performance.

2.2. Kinetic model

The selected catalyst is the conventional Ni on a—AlO3, which is the
most widespread for this process on an industrial scale due to its high
activity, high durability and cost-effectiveness [12,15]. The kinetic
model selected for this study is the widely used one proposed by Xu and
Froment [16], which consists of three rate laws: steam methane
reforming (SMR, Eq. 1), global reforming reaction (GRR, Eq. 2) and
water-gas shift (WGS, Eq. 3).

CH4 + H,O0 < 3H, + CO (€]
CH4 + 2H,0 < 4H, + CO, (2)
CO + H20<—>H2 + C02 (3)

The respective kinetic rate can be observed in Egs 4,5 and 6

Feur = kswr Per.D _pgzpco 1 4)
SR = 2 s cH,DH,0 K,sun ) DEN®
_ kerr 5 PQIZPCOZ 1
TGRR = ﬁ (PCH4PH20 - Ky onx DENZ 5)
_ kwes _ Pu,Pco, 1
T'wes = . (pCOpHZO Ky wes > DEN? (6)

When DEN? is a parameter that considers the adsorption equilibrium
of each species into the catalyst pores [16] (see Eq. 7).

DEN?* = 1 + Kugs coPco + Kads i, P, + Kads.cuaPon, + Kads.HZOI;H 9

2 @
Hy

The kinetic constants k; and adsorption constants Kqs,; calculated as
in Eq. 8 and 9:

E (1 1\].
= k; B (22| j=smi .
k; kJ‘Trexp{ R (T Tr):| j=SMR, GRR, WGS (8)
AHgg; (11 .
Kaas.i :Kads,i,T,e-xp|:* Rad.m (T*?>:| 1= CH4, CO. Hz, H,O0 9
gas r

The equilibrium constants K,; for SMR and WGS, they have been
calculated as in [17] with the following eq. (10)

Kpi=exp(ry, T3 +75,T 2 +75,T " +74;) i = SMR, WGS 10)
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Finally, the equilibrium constant for the GRR reaction is expressed by
Eq. 11

K, 6rr = Kp sur Kp wes an

The kinetic parameters of the reaction model are shown in Table 1
2.3. Mass balance in the gas phase

Starting from the general form of the mass balance Eq. 12:

ac;
E_ -V N1+g1 12

The initial assumptions are the following:

e Steady state conditions

e No reactions occur in the gas phase

e Laminar flow

e Predominance of the advective term in the axial direction, due to the
slim geometry considered, and therefore the high value of the Peclet
number

e Diffusive flux in the radial direction

Under these hypotheses, the balance becomes (Eq. 13)
0=-V (Civz —Dtmﬁ?) 13)
or

Therefore, the molar balance of the i-th species in cylindrical co-
ordinates and with plug-flow motion is given in Eq. 14.

(14)

0C; Dim (10C;  0°C 1 dv,
% . (FW 0r2> o
Where D;, is the mixture diffusion coefficient and v, is the mean
molar axial velocity along the section. As boundary conditions, the
concentration at the beginning of the reactor, z = 0, is equal to the feed
concentration Cj o (Equation 15). Given the thin catalyst layer, the molar
flux toward the catalyst surface is assumed to be equal to the kinetic rate
Tkin,i (Equation 16), and diffusion contribution within the pores for the
solid phase is included in the kinetic terms (see Eqs 7,9). Finally, the
zero-flux condition is imposed at the outer radius (Equation 17).

z2=0VrC;=Cjp (15)
JC;
BC: r= Rint vz — Di.m? = Tkinji & (16)
dG;
r=Ry: VZ2 — =0 17
e V5 5 7)
Table 1
Kinetic parameters of the reaction model by Xu and Froment [16].
Parameter Value Units Notes
ksmr.T, 1.842e-4 kmol bar®® kgl h! T, = 648K
kwas., 7.558 kmol bar! kg h! T, = 648K
kerr., 2.193e-5 kmol bar®® kgé[ ht! T, = 648K
Esur 240.1 kJ mol™ -
Ewes 67.13 kJ mol? R
Egrr 243.9 kJ mol™* -
Kads cH, 1, 0.1791 bar! T, = 823K
Kadscor, 40.91 bar! T, = 648K
Kads 1,1, 0.02960 bar! T, = 648K
Kads 0.1, 0.4152 - T, = 823K
AHqgs.ch, -38.28 kJ mol™ -
AHags,co -70.65 kJ mol™ -
AHqds 1, -82.90 kJ mol? -
AH s 11,0 88.68 kJ mol™ -
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2.4. Energy balance

One-dimensional energy balances are considered in this model for
both the gas and the solid phase. Regarding the radial contributions,
they are accounted for at a "macroscopic" level, meaning their de-
rivatives are calculated only at the domain boundaries (r = Ryys and r =
Riny) and not at every radial point along the system. Since the reaction
does not occur in the gas phase, the temperature profile along the radial
direction of the gas mixture is primarily influenced by heat transfer
phenomena. However, since the thermal conductivity of a gas mixture is
much lower than that of a solid, this influence is minimal, resulting in
only a small effect on the catalyst temperature and consequently on the
reaction rate.

2.4.1. Energy balance in the gas phase
The general form of the energy balance is as follows (Eq. 18)

dCh
a
Assuming steady state and no heat of reaction (Eq. 19):

0= V-(CV,h) + V-q (19)

—V(th) - Vq + Qreacn'an (18)

At the assumptions already defined in the previous paragraph, the
following are considered for the energy balance in the gas phase:

e Radiation contribution is neglected
e The axial contribution of the heat flux is mainly convection

The final form of the energy balance is in Eq. 20.

9 10 10
—(CV:h) = — = (rCVh) — = (rq,) 20)

h is the molar enthalpy of the gas flux and g, is the radial heat flux,
defined as in Eqs 21 and 22.

h = Cpgas(T — 298.15K) (21)

qr = hT(T - Tcat) (22)

With T, being the catalyst temperature, hr the heat transfer coef-
ficient, defined as in Appendix A.4, and Cp, ¢; is the average specific heat
capacity of the gas flow, calculated as in Appendix A.3. Boundary con-
dition is shown in Eq. 23.

BC: 2=0T=T, 23)

2.4.2. Energy balance in the solid phase
A one direction energy balance has been implemented for the solid
phase. The phenomena that are taken into account are

e The heat transfer from and to the gas

e The radial conductive heating from the coil

e The enthalpy terms related to the material streams of reactants
o The heat of the reactions

Assuming velocity in the axial direction is negligible, the final form
of the energy balance in the solid phase is shown in Eq. 24.

10 10
0=—— 5 (rCv.h) — ==~ —(rq;) - psziriAHi 24)

With ps being the solid bulk density, r; the kinetic rate of the i-th
reaction and AH; the specific enthalpy of the i-th reaction. A zero-flux
condition is imposed at the entrance and at the exit of the reactor for
the boundary conditions in the axial direction (Eqs 25 and 26).
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z= 3—T =0 (25)
BC: (;;W
=L —=0 26
=L o (26)

2.5. Numerical solution approach

In order to evaluate the performance of the reactor, the methane
conversion (Eq. 27) and the hydrogen yield (Eq. 28) are calculated as
follows:

_ Q:0Cat,0 — Q:(2)Can, ()

Xon, (%) QoComo @7
_ Qu(2)Cry, (2)
¥ (%) =20, oCanno 28)

where Q;, Ccy,, and Cy, represent the volumetric flow rate, methane
concentration, and hydrogen concentration along the section, respec-
tively.

The solution of mass balance Eq. 14 is based on a finite difference
approach. The two coordinates of the system were discretized into a
finite number of points (r,; and z,s with index k and i respectively),
while the derivatives have been approximated with conventional finite
difference schemes. respectively), while the derivatives have been
approximated with conventional finite difference schemes. A forward
scheme has been employed for first derivatives, while a centered scheme
has been chosen to approximate second derivatives. Regarding the right-
hand side of the equation, it is calculated in the forward point in z (index
i+ 1). After discretization, the material balance becomes as in Eq. 29:

TG -Gt G -2 o
Tk Ar Ar?

C;'(+l _ C}( _ %
Az V.

.1 dv
_ C1+17 -’z
kv, dz

(29)

Which, after collecting the terms C{}, C"' and C{'} and imple-
menting the discrete form of the boundary conditions, leads to a system

of equations for every z point in the form (Eq. 30):
C'=AC" +a (30)

This system is solved by inversion of the matrix of coefficients A to
find the radial array of concentrations G * ! from the one in the previous
z point C' and the vector of known terms a. Velocity and its derivative
were initially guessed and iteratively updated until convergence was
achieved.

The energy balance equations (Eqs 20 and 24) have been manipu-
lated in order to get to a form which explicitly depends on temperature,
the variable of interest.

The numerical solution of Eqs 20 and 24 was implemented using the
Python routines solve ivp and solve bvp [18].

3. Results and discussion

The goal of the mathematical model is to determine which set of
operating conditions and geometric parameters best meet the hydrogen
production requirements of the system. In addition, it provides insights
into the overall behavior of the reactor in various scenarios. In the
following sections, a base case scenario is reported with its performance
in terms of temperature, species concentrations, conversion and
hydrogen selectivity profiles along the reactor. Subsequently, a para-
metric analysis is conducted, in which different cases are compared by
varying a single parameter while keeping all other operating conditions
constant. The analysis focuses on the influence of the following pa-
rameters: gas inlet temperature, heating coil temperature and reactor
outer radius.
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3.1. Base case scenario

The results from a base case are reported as a benchmark for the
comparison of the parametric analysis. The conditions selected are
shown in Table 2. The inlet concentration composition is defined with
the assumption that the steam-to-carbon ratio is equal to 4.

Important insights into methane consumption can be derived from its
molar fraction profile along the axial and radial directions, as shown in
Fig. 3. The figure highlights that most of the reactant is consumed within
the first few centimeters of the reactor axis. This behavior is primarily
due to the small geometry of the system, wherein a fixed velocity and a
fixed inlet concentration result in a low inlet methane flowrate. How-
ever, that the concentration tends to be higher at r = Ry, than at r = Ryp.
This occurs because the gas fed into the outermost region, which is
farthest from the catalyst, needs sufficient time to diffuse radially, reach
the catalyst surface and react. This means that the outer radius for a
single module, and therefore radial diffusion, are critical factors to
consider when evaluating reactor performance.

In Fig. 4 the molar fractions of all species along z are reported and a
significant slope in the curves at z = 0 is noticeable. This occurs due to
the combined effects of both thermodynamic and kinetic phenomena.
The thermodynamic contribution arises from the feed being far from the
equilibrium composition at T, (z = 0), due to the high concentration of
reactants in the feed, which strongly accelerates the reaction. As the
axial length increases, the system gradually approaches the equilibrium
composition, resulting in a flattening of the slope.

Further insights can be gained by directly comparing the solid and
gas temperature profiles in Fig. 5. In the initial sections of the reactor,
the solid phase is getting cooled due to the endothermic nature of the
reactions, which occurs mainly in the inlet zone. However, the solid
temperature quickly stabilizes at the same value as T, as the reactions
become the only factor lowering the system’s temperature. Once equi-
librium is reached, the system undergoes only a temperature rise.
Regarding the gas temperature, it consistently increases throughout the
reactor. Initially, the slope of the gas temperature profile is steep
because the reactants enter at a lower temperature and exit as products
at a higher temperature. In later stages, when the reaction slows down,
the gas temperature increases only due to convective heat transfer,
which is a slower process. Consequently, the rate of temperature rise
decreases. Finally, it is possible to notice that the gas exits the reactor at
a significantly lower temperature than the solid. This discrepancy
highlights the system’s thermal dynamics and the efficiency of heat
transfer mechanisms in electrifying the solid compared to the gas phase.

Finally, methane conversion is one of the most important aspects for
evaluating reactor performance. In the standard case, the conversion
profile along the axis of the reactor is the one in Fig. 6. The conversion

Table 2
Base case scenario parameters and operative conditions.
Parameter  Description Value Units
Reoit Radius from the central axis of the reactor to the 4e-3 m
surface of the heating coil
Rine Radius from the central 5e-3 m
axis of the reactor to the
surface of the catalyst
Rout Radius from the central 7.5e- m
axis -1of the reactor to the outer side of the gas 3
domain
L Total length of the reactor 1 m
To Inlet gas temperature 550 °C
Teoit Heating coil temperature 800 °C
Vzo Initial gas velocity 5 ms!
YcH, 0 Inlet molar fraction of CHy4 0.19
YH,00 Inlet molar fraction of H,O 0.774
Yco,0 Inlet molar fraction of CO 0.016
¥c0,.0 Inlet molar fraction of CO, 0

YH,.0 Inlet molar fraction of Hy 0.016
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Fig. 3. 3D methane molar fraction profile in the gas phase of the reactor, base
case scenario.
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Fig. 5. Direct comparison between the solid and gas temperature profiles along
the z coordinate of the reactor, base case scenario.
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Conversion profile in Base Case
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Fig. 6. Conversion profile along the z coordinate of the reactor, base
case scenario.

rises and gets to the equilibrium very quickly, approximately after 10
cm. For this reason, the reactor appears to be significantly oversized for
the base case scenario, since its length is much larger than the required
value to achieve full conversion. Thus, a large portion of the reactor
remains unused.

3.2. Gas inlet temperature variation

In this section the inlet gas temperature is changed from 300°C to
800°C with intervals of 100°C. Two sub cases are analyzed: one with a
Teoit of 650°C (named “low temperature") and one with T, of 800°C
(named “high temperature"). This parametric study allows the identifi-
cation of the potential productivity and the optimal operating temper-
ature, both critical factors for process optimization. This is an important
aspect for process optimization, mainly due to the energy savings which
may derive from a lower coil temperature, or from the opportunity to
work with a feed as cold as possible while still maintaining product
specifications.

3.2.1. Low coil temperature

In terms of molar fraction profiles, the main difference lies in the first
sections of the reactor, as it is reported in Fig. 7.

The profile at the lower gas inlet temperature shows a smoother
slope, while the profile at 800°C is significantly steeper. This behavior is
primarily driven by the temperature dependence of the reaction kinetics.
Since the reaction takes place in the solid phase, a hotter flow of re-
actants promotes faster reaction rates, while lower gas inlet tempera-
tures cool the solid phase, resulting in a lower methane consumption
rate. In addition, mass transport limitations play a significant role. At
lower temperatures, the diffusion coefficient decreases, leading to less
efficient diffusion of reactants toward the catalyst. Therefore, the profile
differences are influenced by both kinetics, which reduces the radial
concentration gradient, and mass transport, which slows down the
diffusion of reactants. To achieve equilibrium at lower temperatures, a
longer reactor length is required.

The gas temperature profile, as shown in Fig. 8, is consistent with the
previously discussed observations. At low inlet temperatures, the gas
takes longer to heat up, which directly affects both the solid phase re-
action rate and the diffusion coefficient. A key aspect is the notable
difference in the slopes of the profiles. In cases where T > T, the gas is
cooled by the flow of reactants exiting the catalyst at a lower tempera-
ture and gradually approaches the catalyst temperature from above. In
contrast, if Top < T, the gas heats up and stabilizes at T,y in a shorter
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distance.
Furthermore, the outlet temperature of the gas varies significantly at
different inlet temperatures, as shown in Fig. 8. This difference has
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Fig. 7. 3D methane molar fraction profile of the reactor at T,y = 650°C and To= 300°C (a) and To= 800°C (b).

important implications for the operating conditions of the MCFC system,
as the ideal scenario would be to achieve an outlet temperature of
approximately 580°C [19-21] while maintaining high conversion levels.
However, these two goals are in conflict. The best balance between the
temperature requirements and conversion efficiency needs to be
reached. On the other hand, outlet conversion is not equally affected by
To. In fact, considering Fig. 9, all curves settle at values between 92%
and 95% before the end of the reactor length, which corresponds to the
thermodynamic equilibrium at this specific coil temperature. In all
cases, a length of 1 m has been assumed to observe the differences under
various operating conditions. However, it is evident that this length is
excessive for all scenarios, as the conversion is thermodynamically
limited only by the value of T,,;. On the other hand, the solid catalyst
temperature is weakly affected by the differences in inlet T . Indeed, the
curves overlap almost perfectly, with small differences in the first few
cm of the reactor length (Fig. 9).

3.2.2. High coil temperature

Methane molar fraction for T,,; = 800°C can be seen in Fig. 10.

As the previous case, the axial slope of the curve is gentler at low Ty.
However, it is possible to evaluate the impact of T,y;. Compared to the
previous case with T, = 650°C, methane molar fraction is lower in
every point along the reactor. This is a direct result of the more favorable
kinetics in the solid phase, which enhance the radial concentration
gradient and, consequently, improve mass transport.

The analysis of the gas temperature profiles in Fig. 11 reveals

Yield profiles at T,,; = 650 °C

3.0

—— Tyaeo = 300
Tyas,o = 400
—— Tgas,0 = 500

1.0

Yield [mol g out/M0lcrra.in)

dddadaaaq

0.0

0.0 0.2 0.4 0.6 0.8 1.0
Reactor length z [m]

b)

Fig. 9. Methane conversion (a) and hydrogen yield (b) profiles along the z coordinate at different Ty and T.o; = 650°C.
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Fig. 11. Gas temperature profiles along the z coordinate for different T, and
T.on = 800°C.

different behaviors depending on the inlet temperature. For cases where
To < 700°C, the temperature curves exhibit a consistent upward trend.
In contrast, at higher Ty, the profiles initially show a fast drop before
reaching a steady asymptotic rise, approaching Tc,;. This behavior is
attributed to the rapid endothermic reaction occurring in the initial
section of the reactor, which absorbs a significant portion of the heat
supplied by the hot gas at the inlet, especially at higher temperatures,
where the reaction is favored.

Again, under these conditions, the temperature profiles of the cata-
lyst are almost the same, varying the inlet temperature, as shown in
Fig. 12.

Regarding methane conversion and hydrogen yield, the different
profiles are reported in Fig. 13. The value of T,y; is the most important
parameter, since the thermodynamic equilibrium composition is the
limiting factor. In fact, in all these cases, the final value of conversion is
close to 100%, achieved in a length of about 20 cm, since the equilib-
rium conversion limit is higher.

3.3. Heating coil temperature variation

Another important parameter for the design stage of the reactor is the
coil temperature T, Indeed, the aim of this section is to investigate its
influence on the performance of the reactor, with particular interest in
finding the overall best compromise between the necessary heat
throughput in order to get a satisfactory conversion, and the economic
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Fig. 10. 3D methane molar fraction profile of the reactor at T.,; = 800°C and To= 300°C (a) and To= 800°C (b).
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Fig. 12. Catalyst temperature profiles along the z coordinate for different T,
and T.oy = 800°C.

aspects related to the electrical energy required for its operation. Six
runs have been performed, each of these with an increasing T,y from
550°C to 800°C, with steps of 50°C. Regarding the gas inlet temperature,
it was set to a constant value of 550°C.

Regarding its effect on molar fraction profiles, higher T.,; values
enhance reaction kinetics, promoting a greater radial concentration
gradient that facilitates species diffusion to and from the catalyst. Fig. 14
compares the two extreme cases in this analysis, T,,y= 550°C and 800°C.
As observed in the previous cases, the outer radial point exhibits a higher
concentration, attributed to the time required for the reactant to diffuse
toward the catalyst surface. It is important to note that, at low T, the
decrease in concentration along the z axis is much less significant
compared to that seen at higher T,,; values. This is because at lower
temperatures the equilibrium is less shifted toward the products. This
reduces the driving force for reactant consumption, which leads to a less
pronounced decline in concentration along the reactor.

The gas temperature profiles are strongly affected by the coil tem-
perature, as shown in Fig. 15. For cases where Ty < T, the profiles
exhibit an initial steep gradient followed by a more moderate, linear
increase. In addition, the initial slope of the temperature increase is
consistent across all scenarios, regardless of the coil temperature. This
uniformity likely arises because the higher solid temperature sustains a
reaction rate that evenly heats the gas per unit length. Once mass
transport or equilibrium limitations are reached, the slope decreases,
and the temperature rise slows. Finally, in the specific scenario where Ty
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Fig. 14. 3D methane molar fraction profile of the reactor at To= 550°C and T,,; = 550°C (a) and T,.y= 800°C (b).

endothermic reaction within the catalyst, which takes place only in the
Tyas profiles at Tp = 500 °C initial part of the reactor length.

The solid’s temperature profiles, reported in Fig. 16, have an overall
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trend which is the same as in all cases: a fast, almost vertical, increase at
the beginning followed by a flat slope once T,,; has been achieved.
Specifically, at higher Ty, the initial temperature drop caused by the
endothermicity of the reaction increases. This is because higher tem-
peratures favor reaction kinetics, leading to a higher reaction rate and
consequently more heat being absorbed from the solid. As a result, a
higher T,,; corresponds to a larger initial temperature difference (AT), a
critical consideration for material selection, which must be able to
withstand such thermal stresses.

In conclusion, Fig. 17 shows the conversion and yield profiles in all
these cases. The relevance of Ty lies in its direct influence on the
equilibrium methane conversion limit. Of course, as T,,; increases, the
maximum achievable conversion increases, since the SMR reaction is
favored by high temperatures, with a directly related increase in yield.
However, at atmospheric pressure, methane equilibrium conversion
exceeds 95% at 700°C. Therefore, operating with a T,.; above this
temperature may not be efficient, as the marginal gain in conversion
does not justify the additional energy consumption.

3.4. Outer radius variation

In this section, a parametric analysis on the influence of the outer
radius R,y is presented. Particularly, the outer radius is varied by
introducing a corrective factor f, define as:

Rout = Rouro f (25)

Where Royois the value used in the reference case (7.5e-3 m). The
values taken for f are: 1, 1.5, 1.8, 2.1, 2.4, 2.7 and 3.

The information gained from this analysis is important for the
determination of the most appropriate tube pitch, which corresponds to
twice the value of Rout, as shown in Fig. 1. It is important to determine
the conversion as a function of the pitch in order to define when the
radial diffusive transport of the reactants toward the catalyst surface
becomes a limiting phenomenon for the reactor performance. The
evaluation of the pitch influences the choice of the number of modules
necessary to achieve the desired productivity and, consequently, the
energy consumption of the reformer. In fact, a small number of modules
means less energy required. On the other hand, if the pitch is too large,
the gas takes more time to reach the catalyst and the total catalyst
specific surface area decreases and may not be sufficient to convert all
the gas.

An important aspect can be seen from Fig. 18 which shows CHy
molar fraction profiles for f values of 1 and 3, representing the extremes
of the studied range. In fact, since the initial velocity of the inlet is fixed,
the variation of the outer radius results in a greater molar flow. As a
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consequence, with larger gas sections, the amount of treated reactants
and mass transport resistances increase. For this reason, the axial slope
of the curves (at r = R,y,) decreases as f gets larger.

Additionally, the presence of a radial concentration gradient is the
main driving force which allows the reactants at r = R, to diffuse to-
ward the catalyst and react. At this point, the only way to achieve
greater conversion would be to increase the coil temperature to favor
reaction kinetics, making the concentration gradient steeper. In the case
reported in Fig. 18 (a) equilibrium has been reached, while in Fig. 18 (b)
a longer reactor would allow for a higher conversion, since the radial
slope indicates that there still is some unreacted methane.

As reported in Fig. 19, it is evident that the temperature rise is much
more moderate for larger values of f. A larger gas feed increases thermal
inertia, requiring more heat input to reach a given temperature differ-
ence. Secondly, a greater amount of methane means a greater amount of
heat is removed from the system due to the endothermic nature of the
reaction. As a result, not only does temperature rise at a lower rate
because it takes longer to heat a larger volume of gas, but also because
the gas continues to react, slowing the heating process even further.
Therefore, except for low values of f, where complete conversion is
achieved in the initial section of the reactor, the higher the f, the lower
the slope of the temperature rise.

Methane conversion and hydrogen yield profiles, as expected,
exhibit significant variation depending on the geometry. As illustrated
in Fig. 20, larger modules (higher f values) fail to reach equilibrium
conversion, unlike smaller modules, which achieve it. This difference is
directly linked to the amount of CHy4 introduced into the reactor.
Although equilibrium is rapidly reached at r = Ry in all cases, larger
modules feed more methane into the system, and the increased distance
the gas must cover to react presents additional challenges. Therefore, for
higher fvalues, a longer reactor is required to ensure sufficient residence
time for equilibrium conversion.

4. Conclusions

In response to the global climate crisis, the European Green Deal
aims to reduce greenhouse gas emissions by 50% by 2030 and achieve
carbon neutrality by 2050. The maritime sector, responsible for 3-4% of
global emissions, is now subject to stricter regulations, including the EU
ETS reform in 2023. To support decarbonization, this study focuses on
the integration of MCFC onboard technology for simultaneous power
generation and CO; capture from ship exhaust. A key challenge is to
ensure a continuous supply of hydrogen, for which Electrified Steam
Methane Reforming (eSMR) is a promising efficient and compact solu-
tion. Through modeling simulations, key operating parameters such as

Yield profiles at T, = 550 °C

3.0

2.5

2.0

1.0 — Teoir = 550°C
T.oi = 600°C

Yield [molgs out/mMolcha,in]

Tepir = 750°C
— Topu = 800°C

0.0 i
0.0 0.2 0.4 0.6 0.8 10

Reactor length z [m]

b)

Fig. 17. Methane conversion (a) and hydrogen yield (b) profiles along the z coordinate at different T,,; and Ty = 550°C.
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Fig. 18. 3D methane molar fraction profile of the reactor with f = 1 (a) and f = 3 (b).
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gas inlet temperature, coil temperature and reactor geometry are
analyzed to determine optimal conditions.

A mathematical model has been developed to elucidate the operating
principles of the system, identifying critical parameters and optimal
working conditions. The reactor geometry is based on a "shell and tube"

Conversion profiles at T,,; = 800 °C, T;, = 550 °C
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configuration, in which a single module is assumed as a concentric
annular pipe (tube-in-tube configuration). The model was then imple-
mented in Python to solve mass and energy balance equations for both
the gas and solid phases of the reactor.

The results confirm the potential of this concept, primarily due to its
compact design and high conversion efficiency. The reactor showed
excellent performance in almost all cases, reaching equilibrium within
the first half of its length. Pitch distance analysis revealed that radial
diffusion of reactants toward the catalyst surface was the primary
limiting factor. In contrast, the gas inlet temperature had minimal effect,
as the direct contact of the catalyst with the heating zone ensures that
the reactants quickly reach the catalyst temperature, thereby enhancing
the reaction kinetics. For this reason, the two most influential parame-
ters in tihs study were the heating coil temperature (Tco;), which de-
termines the equilibrium conditions and the outlet composition, and the
outer radius (Roy), which significantly impacts conversion by deter-
mining the radial distance the gas must diffuse to reach the catalyst
surface and react.

As an example, the power required for the reference case was
calculated and found to be approximately 370 Watts. When related to
hydrogen production, this results in a value of approximately 10 kWh
per kilogram of hydrogen produced.

In summary, the resistive reformer demonstrated good performance,
and its characteristics fit well with the requirements of an MCFC process,
making the eSMR configuration studied in this work a promising solu-
tion to supply hydrogen to the fuel cell in onboard applications.
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Fig. 20. Methane conversion (a) and hydrogen yield (b) profiles along the z coordinate at different f values, and T,; = 800°C, To= 550°C.
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Appendix A. Calculation of physicochemical properties
A.1. Average axial velocity

Due to the already mentioned plug-flow assumption, the axial velocity is considered as a function of the axial coordinate only, while it is constant
along the radial direction. The basic formula is:

m@:?f) (A1)

Where Q,(z) is the volumetric flowrate in the annular space, while A is the cross-sectional area. Therefore, to calculate v,(z) an expression for Q,(z)
is needed. The general formula takes into account the dependence on temperature, pressure and the presence of reactions [22]:
— T(Z) Po —

z) = — ——(1+eX(z A2
Qla) = Qg iy (1 +X(2)) a2

Wherein ¢ is a coefficient taking into account the stoichiometry of the reaction and X(z) is the molar fractional conversion of the reference reactant
(methane in this case), calculated as:

N Q:0Ccn, 0 — Q(Z)ECI-L, (2)
X&) = QuoCanyo

(A.3)

Substituting Equation A.3 into Equation A.2, an explicit formulation can be obtained for Q,(z). Then, the final equation for v,(z), with constant
pressure hypothesis, results to be:

i) = 2@ _ Qor, (116) (A4)

A A (1 4 TG Ceny (2) 8)

To Ceryo

A.2. Material diffusivity

As it is common in literature, the Chapman-Enskog theory, based on the kinetic theory of gases, has been used to calculate the binary diffusion
coefficients of the mixtures given by the binary combination of all the species [23]. Equation A.5 reports its formulation.

T3/2
Dyp = 1.86-1073

_— A5
PoasMW5Qp (A5

Wherein o645 is the mean collision diameter, MWp is the harmonic mean of molecular weights and Qp is the so-called “collision integral".

After the calculation of the binary diffusion coefficient for all possible couples of compounds, the overall coefficient taken to be constant for all
species is

—1

i j>1 D‘J

A.3. Specific heat

The formulation for the molar specific heat is reported in Equation A.7, which has been taken from Perry’s manual [24].
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2 2

C E

-~ | +B|——
T sinh (%) T cosh (%)

With coefficients A, B, C, D and E being relative to the specific compound.
A.4. Convective heat transfer coefficient

C,=A+B (A7)

The heat transfer between the gas phase and the solid phase mainly occurs by convection. For this reason, a convective heat transfer coefficient has
been calculated in each point along the axial direction of the reactor, accounting for the variation of properties such as fluid velocity or specific heat.
This has been accomplished using the Sieder-Tate correlation for the Nusselt number, valid for pipes in the laminar regime [24].

D\ /3
Nu=1.86 (RePr f) (A.8)

A.5. Other parameters

Some other quantities have not been rigorously calculated. Rather, they have been estimated based on realistic values. This has been done in order
to achieve a model as flexible as possible, wherein each of these quantities can be modified in order to observe what variation it leads to. In Table A.1
these parameters are reported.

Table A.1
Estimated parameters of the simulation.

Parameter Description Value Units
B Dynamic viscosity of 2e-5 Pas
the gas
Ag Gas thermal conductivity 0.07 wm!k!
As Solid thermal conductivity 40 wm'k!
Ps Solid bulk density 4000 kg m3
Data availability [11] S.T. Wismann, J.S. Engbak, S.B. Vendelbo, F.B. Bendixen, W.L. Eriksen,

K. Aasberg-Petersen, C. Frandsen, I. Chorkendorff, P.M. Mortensen, Electrified
methane reforming: a compact approach to greener industrial hydrogen

The data that has been used is confidential. production, Science 364 (2019) 756-759, https://doi.org/10.1126/science.
aaw8775.
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