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Abstract

This study investigates the impact of gas product recycling (GPR) on the
performance of the steam methane reforming (SMR) process using nickel
(Ni) and rhodium (Rh) catalysts. Hydrogen production, a cleaner alterna-
tive to fossil fuels, predominantly employs SMR due to its industrial efficacy.
The study utilizes numerical simulations with Cantera software to evaluate
the effects of recycling up to 30% of gaseous products at temperatures of
800, 1000, and 1200 Kelvin and a steam-to-methane ratio of 3. Key govern-
ing equations, including mass and energy conservation, as well as reaction
kinetics described by the Arrhenius equation, are applied. The simulations
reveal that GPR at 1200 K with a Ni catalyst enhances syngas production
and reduces CO2 leakage, making it a viable option within the 20-30% re-
cycling range. However, GPR at lower temperatures (800 K and 1000 K)
for both Ni and Rh catalysts, and at 1200 K for Rh catalysts, results in un-
desirable increases in carbon deposition and CO2 production. Thus, GPR
is generally not recommended for Rh catalysts due to significant coke for-
mation. These findings underscore the potential benefits and limitations of
GPR in optimizing SMR processes, particularly highlighting the suitability
of Ni catalysts at higher temperatures.
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1 Introduction

Hydrogen is a clean energy source proposed as an al-
ternative to fossil fuels [1]. Unlike conventional fuels,
hydrogen is not readily available in nature, and must
be produced from primary energy sources before be-
ing used in internal combustion engines and fuel cells.
Currently, hydrogen production sources include 48%
from natural gas, 30% from heavy oils and naphtha,
and 18% from coal. Hydrogen can be produced using
various methods such as steam reforming (SR), partial
oxidation (POX), autothermal reforming (ATR), pyrol-
ysis, biomass biological processes, and water electroly-
sis [2]. Among these methods, steam methane reform-
ing (SMR) is particularly developed and cost-effective
for producing hydrogen on an industrial scale [3]. Com-
mercial hydrogen is produced through the SMR process
with an efficiency of 65-75% at best. The SMR process
involves a set of reactions: methane reforming (reac-
tions (1) and (2)), and water-gas shift (WGS) (reaction
(3)):

CH4 + H2O−−→←−−CO + 3H2, ∆H298 = 206.1
kJ

mol
(1)

CH4+2H2O−−→←−−CO2+4H2, ∆H298 = 165.0
kJ

mol
(2)

CO+H2O −−→←−− CO2+H2, ∆H298 =−41.15
kJ

mol
(3)

Reactions (1) and (2) are highly endothermic and
occur at high temperatures, while reaction (3) is
exothermic [4]. Stoichiometrically, reactions (1) and
(2) tend to occur at low pressures due to the doubling of
gas volume, while pressure changes do not significantly
affect reaction (3) [5]. Rhodium and nickel are among
the catalysts used in the SMR process. Rhodium is
a precious metal with excellent performance, but its
scarcity and high cost hinder widespread use [1]. Nickel
is an inexpensive transition metal with alloys that ex-
hibit comparable activity to precious metals [6].

Steam methane reforming (SMR) for hydrogen pro-
duction has been extensively studied from various per-
spectives. Numaguchi and Kikuchi modeled SMR us-
ing a fixed-bed reactor over a nickel catalyst, showing
higher intrinsic WGS reaction rates at lower tempera-
tures. Their design simulation in a complex reaction
network provided valuable data for optimizing indus-
trial SMR processes [7]. Jianguo and Froment investi-
gated SMR and water-gas shift (WGS) reactions over
a Ni/MgAl2O4 catalyst. They determined intrinsic re-
action rates and reduced possible reactions through
thermodynamic analysis, providing a comprehensive
kinetic model for SMR [8]. Wang and Gorte exam-
ined SMR over a Pd/Ceria catalyst and found higher

activity compared to Pd/Alumina. Their study high-
lighted the superior catalytic performance of Pd/Ceria,
which could lead to more efficient hydrogen production
processes [9].

Rakass et al. investigated SMR with unpromoted
nickel powder catalysts, achieving high methane con-
version and catalytic activity at 700 ◦C without coke
formation. Their findings demonstrated the feasibil-
ity of using unsupported nickel catalysts for efficient
methane reforming [10]. Zhu et al. explored SMR over
platinum and rhodium catalysts, demonstrating higher
activity for rhodium nanoparticle catalysts. Their mi-
crokinetic analysis provided insights into the reaction
mechanisms on metal surfaces, emphasizing the poten-
tial of rhodium for enhanced hydrogen production [11].
Panagakos et al. highlighted the impact of opera-
tional factors on hydrogen production in SMR reac-
tors. Their computational investigation provided in-
sights into optimizing reactor conditions for maximum
hydrogen yield [12].

Arora and Prasad addressed catalyst deactivation
due to coke formation in methane dry reforming, sug-
gesting hydrogen addition as a preventative measure.
Their review offered strategies to mitigate carbona-
ceous deactivation, contributing to the longevity and
efficiency of reforming catalysts [13]. German and
Sheintuch proposed a microkinetic model for SMR over
Pt (111), Rh (111), and Ni (111) catalysts, noting
significant effects of water vapor at low partial pres-
sures. Their model accounted for hydrogen tunneling
and metal lattice vibrations, contributing to a better
understanding of catalyst performance under various
conditions [14]. Abbas et al. studied kinetic data of
SMR over a nickel catalyst, demonstrating superior
performance at high temperatures, low pressures, and
high steam-to-carbon ratios. Their research provided
a detailed kinetic model that could be used for reactor
design and optimization [15].

Castillo et al. examined SMR under low-
temperature conditions with a Ru/Al2O3 catalyst,
finding high activity and reaction promotion at low
pressures. Their microkinetic analysis of the methane
steam reforming process contributed to the develop-
ment of low-temperature catalytic systems [16]. Saeedi
and Alahdadi explored methane partial oxidation using
a Rh/Al2O3 catalyst, improving hydrogen production
and CO2 reduction with gas recirculation. Their nu-
merical investigation demonstrated the benefits of gas
product recycling in enhancing catalyst performance
[17]. Saeedi and Zangooee compared Ni- and Rh-based
catalysts for SMR, revealing higher activity but greater
surface coverage for Rh catalysts. Their study provided
a comprehensive evaluation of the two catalysts, high-
lighting the advantages and limitations of each [18].



Hydrogen, Fuel Cell & Energy Storage 11(2024) 169–178 171

Previous studies have examined the performance
of the SMR process under various conditions, focus-
ing on catalysts and operating parameters. However,
the effect of recycling gaseous products to the reac-
tor inlet has not been extensively evaluated. Recycling
gaseous products is proposed to enhance SMR yield
by triggering reactions that increase hydrogen produc-
tion. This study uses numerical simulation to model
the recycling of SMR process gaseous products to the
reactor inlet over nickel and rhodium catalysts. The
simulation, conducted using Python and Cantera soft-
ware, explores recycle fractions up to 30% by volume
at atmospheric pressure and temperatures of 800, 1000,
and 1200 K, with a steam-to-carbon ratio of 3. The ob-
jective is to determine the highly functioning temper-
ature range, recycle volume fraction, and catalyst for
recycling SMR process gaseous products to the reactor
inlet.

2 Fundamentals and solution
method

Numerical solutions were performed using Cantera
software in a Python environment. Cantera, developed
by Professor David G. Goodwin at the California Insti-
tute of Technology, is an open-source software for inves-
tigating chemical kinetics, thermodynamic processes,
and transport phenomena. Cantera codes are acces-
sible in four programming languages: C++, Python,
MATLAB, and Fortran [19]. In this study, the Python
environment was chosen for modeling due to its versa-
tility and simplicity.

A plug-flow reactor, depicted schematically in Fig-
ure 1, was employed for modeling. This reactor main-
tains a constant cross-sectional area with its bed coated
in catalyst, allowing heterogeneous chemical reactions
to occur on the channel walls. The reactor dimensions
are on the centimeter scale, while the catalyst bed fea-
tures a nanometer-scale structure and porosity. As a
result, temperature and pressure grad across the reac-
tor can be neglected. In this one-dimensional model,
properties only change along the z-axis. In the ax-
ial direction, the diffusion term is much smaller than
the axial convection term, and in the radial direction,
properties are assumed to be uniform, with no depen-
dent variable on this dimension in the equation. Conse-
quently, all diffusion terms are eliminated in the plug-
flow equations [16].

The SMR process is simulated by discretizing the
plug flow reactor into a series of well-stirred reactors
(WSRs). Initial parameters such as temperature, pres-
sure, flow rate, and catalyst properties are set, and
governing equations, including mass and energy con-

servation and reaction kinetics, are applied. The sim-
ulation results are validated by comparing them with
experimental data to ensure accuracy and reliability.

Fig. 1. Schematic of a plug-flow reactor with a cylin-
drical cross-section.

A plug-flow reactor can be discretized into a finite
number of axially distributed volumes. These volumes
can be modeled as a chain of continuously stirred tank
reactors (CSTRs) in a steady state condition. This
modeling approach converts the system of ordinary dif-
ferential equations into a system of algebraic equations
with surface reactions. An upstream source is con-
sidered, and its initial conditions are the same as the
boundary conditions of the plug-flow reactor. Time
integration is performed over the CSTR until conver-
gence is reached, and the steady state of the CSTR is
solved. The output state of this reactor becomes the
input boundary condition for the next CSTR.

3 Assumptions and modeling

Assumptions in the mathematical model:
• The process is isothermal (constant tempera-

ture).
• The process is isobaric (constant pressure).
• The ideal gas law is valid.
• Concentration and temperature gradients in the

radial direction are negligible; therefore, only ax-
ial concentration changes are considered.

• The bed porosity is uniform.
• Ideal flow (without friction) is assumed.
• The effects of body forces on the fluid are ne-

glected.
• The flow is in a steady state.
Since a co-isothermal plug flow reactor with a cat-

alytic wall is considered, solving the energy equation is
not required. Additionally, based on the assumptions,
the momentum equation is neglected.

3.1 Continuity equation

The continuity equation for the plug-flow reactor is
given by Equation (4) [19].

d(ρuA)

dz
= P ′

∑
k

ṡkWk (4)

In the above equation, P ′ is defined as the active
area of the channel per unit length in meters, which can
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differ from the channel perimeter P ; ṡk is the chemical
source term resulting from the heterogeneous chemical
reaction chain.

3.2 Conservation equation of species k

The conservation equation for species k in plug flow
reactors is derived using the mass continuity principle,
considering both source terms for homogeneous chem-
istry (where all species are in the gas phase) and het-
erogeneous chemistry (where reactant species may be
in gas or solid phases) [19]:

ρuA
dYk
dz

+ YkP
′
∑
k

ṡkWk = Aω̇kWk + P ′ṡkWk . (5)

3.3 Chemical modeling

A significant portion of chemical processes occur at the
interface between a solid surface and the adjacent gases.
In this study, homogeneous gas-phase reactions are neg-
ligible under the prevailing temperature and pressure
conditions, so only heterogeneous reactions are consid-
ered.

Each surface can occupy one or more pores on the
plate, characterized by surface porosity density. The
dynamics of local changes in the surface coverage of
adsorbed species are described by Equation (6) [20]:

dθk
dt

=
ṡkσk

Γ
. (6)

Under steady-state conditions, Equation (6) is con-
verted into a system of nonlinear algebraic equations
[21].

The Arrhenius equation shows that the reaction
rate constant is temperature-dependent and can be cal-
culated according to Equation (7):

kf,i = AiT
βi exp

(
− Ei
RT

)
. (7)

In most cases, the forward reaction rate constant is cal-
culated according to Equation (7). However, in some
cases, the Arrhenius function is modified by certain sur-
face species. Equation (8) incorporates pre-exponential
factors and activation energies of the surface species as
functions of their surface coverage:

kf,i = AiT
βi exp

(
− Ei
RT

)
×
∏
ks

10akiθkiθmki

ki exp
(
− εkiθki

RT

)
(8)

In heterogeneous reactions, the collision of gas-
phase molecules with the solid surface is essential. The

adsorption coefficient represents the rate of surface re-
actions or the rate of potential collisions with the sur-
face leading to a reaction. The adsorption coefficient
is highly temperature-dependent and can be calculated
according to Equation (9):

γi = aiT
bi exp

(
− ci
RT

)
. (9)

The adsorption coefficient is related to the reaction
constant through the experimental law of mass action
kinetics, as described by Equation (10):

kf,i =
γi
Γm

√
RT

2πW
. (10)

4 Results and discussion

Thermodynamic simulation is best achieved through
an isobaric and isothermal environment [22]. In this
study, a one-dimensional reactor mesh is created by
stacking zero-dimensional discretized spaces. The out-
put state of each well-stirred zero-dimensional reactor
serves as the input boundary condition for the next re-
actor. This method allows a one-dimensional solution
to be obtained from a collection of zero-dimensional
solutions. Primary gas-phase reactions were not con-
sidered, as they are insignificant under the given con-
ditions.

One proposed method for increasing the perfor-
mance of the steam methane reforming (SMR) process
is to recycle the gaseous products of this process [17].
As shown in Figure 2, a portion of the outlet stream
is recycled back to the reactor inlet. The recycled
gaseous products include methane, water vapor, hy-
drogen, carbon monoxide, and carbon dioxide. The
gaseous products are recycled up to 30% by volume at
atmospheric pressure and temperatures of 800, 1000,
and 1200 K, ensuring that the steam-to-carbon ratio
(S/C), obtained from Equation (10), remains constant
at 3.

S/C =
nH2O,in

nCH4,in
. (11)

In this study, the effect of catalyst type, temper-
ature, and volume percentage of recycled gas on the
SMR process will be evaluated.

Fig. 2. Schematic diagram of the process for recy-
cling gaseous products to the reactor inlet.
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Modeling was performed for each catalyst using a
validated chain mechanism, and the numerical results
were compared with experimental values for both mod-
els. A kinetic model was employed for simulating the
steam methane reforming process in the presence of a
nickel catalyst with 42 reactions, and a mechanism with
48 reactions was used for the rhodium catalyst [23,24].
The reaction mechanisms for nickel and rhodium cat-
alysts were written in a suitable format in the Can-
tera software. This study investigates the impact of
recycling gaseous products to the reactor inlet on the
performance of the steam methane reforming process
in the presence of nickel and rhodium catalysts, under
the conditions listed in Table 1.

Table 1. Conditions used in modeling for evaluating
the performance of nickel and rhodium catalysts.

Quantity Value

Catalyst bed length (cm) 2

Reactor hydraulic
diameter(mm)

1.6

Nickel catalyst surface
porosity density for
simulation 1(mol/cm2)

2.66 × 10−9

Rhodium catalyst surface
porosity density for
simulation 2 (mol/cm2)

2.72 × 10−9

Catalyst bed porosity 0.3

4.1 Validation of steam methane re-
forming process in the presence of
nickel catalyst

Figure 3 illustrates the comparison between the steam
methane reforming process in the presence of a nickel
catalyst, as predicted by two kinetic models, and the
experimental results obtained by Ryu et al. [25]. The
reference values were obtained experimentally using a
quartz tube reactor coated with a nickel catalyst, op-
erating at a flow rate of 9000 1/h and maintaining a
steam-to-carbon ratio of 3 under atmospheric pressure.
The model yields acceptable results, demonstrating a
maximum difference of 21.9% between the experimen-
tal values and Model 1. This highlights the accuracy of
modeling the steam methane reforming process in the
presence of a nickel catalyst by employing a set of zero-
dimensional reactors to simulate the one-dimensional
process using Cantera software.

4.2 Validation of steam methane re-
forming process in the presence of
rhodium catalyst

Figure 4 compares the steam methane reforming pro-
cess in the presence of a rhodium catalyst for the ki-

netic model with the experimental results of Schädel
et al. [26]. The reference values were obtained experi-
mentally, completely different from the nickel catalyst,
in a quartz tube reactor coated with rhodium catalyst
at a flow rate of 40000 1/h and 75% volume Argon
to dilute the inlet mixture to the reactor under atmo-
spheric pressure. The kinetic model yields acceptable
results, with Model 2 showing a maximum difference
of 25.5% from the experimental values, suggesting it is
a suitable option for simulating the steam methane re-
forming process in the presence of a rhodium catalyst.

Fig. 3. Validation results of steam methane reform-
ing process in the presence of nickel catalyst for
simulation 1 according to mechanism [25].

Fig. 4. Validation results of steam methane reform-
ing process in the presence of rhodium catalyst for
simulation 2 according to mechanism [26].
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4.3 Evaluation of the effect of gas prod-
uct recycling on the steam methane
reforming process in the presence of
nickel catalyst

Figure 5 shows the percentage increase in hydrogen,
carbon monoxide, carbon dioxide, and carbon surface
coverage at a) 800, b) 1000, and c) 1200 K in the pres-
ence of nickel catalyst. As can be observed, tempera-
ture has a significant impact on gas product recycling.

At 800 K (Figure 5a) As the volume percentage of
recycled gas products increases, the production of H2,
CO, and CO2 increases, while carbon surface coverage
decreases. For example, at 20% recycling volume, the
changes in H2, CO, CO2, and C(s) species are 2.35%,
4.44%, 2.32%, and −0.29%, respectively. The increase
in hydrogen and carbon monoxide production suggests
that the recycling of gas products stimulates further
reforming reactions, enhancing overall hydrogen yield.
However, the concurrent increase in CO2 production
indicates that the water-gas shift reaction is also being
promoted, which is less desirable at this temperature.
The decrease in carbon surface coverage implies a re-
duced risk of catalyst deactivation by carbon deposi-
tion, which is advantageous for the process.

At 1000 K (Figure 5b) With increasing gas prod-
uct recycling, the production of H2, CO, CO2, and C(s)
species increases. For example, at 20% recycling vol-
ume, the changes in these species are 3.05%, 7.37%,
1.44%, and 3.3%, respectively. The trends at this tem-
perature reflect a more pronounced enhancement in hy-
drogen and carbon monoxide production compared to
800 K, which is beneficial for syngas production. The
smaller increase in CO2 production indicates a lesser
extent of the water-gas shift reaction, which aligns with
the objective of maximizing hydrogen yield. However,
the significant increase in carbon surface coverage poses
a higher risk of catalyst deactivation due to coke for-
mation, highlighting a critical trade-off at this temper-
ature.

At 1200 K (Figure 5c) Increasing recycling up to
30% volume at 1200 K increases the production of hy-
drogen, carbon monoxide, and carbon surface coverage
while decreasing carbon dioxide. For example, at 20%
recycling volume, the changes in H2, CO, CO2, and
C(s) species are 4.24%, 9.42%, −3.32%, and 9.39%,
respectively. The high temperature significantly en-
hances the reforming reactions, leading to substantial
increases in hydrogen and carbon monoxide produc-
tion. The reduction in CO2 production indicates a
suppression of the water-gas shift reaction, which is de-

sirable for maximizing hydrogen output. However, the
considerable increase in carbon surface coverage sug-
gests a heightened risk of coke formation, which could
negatively impact the long-term stability of the cat-
alyst. Based on the graphs, it can be inferred that
adding a small amount of hydrogen, carbon monoxide,
and carbon dioxide through gas product recycling stim-
ulates the chain of chemical reactions, consequently af-
fecting the production of hydrogen, carbon monoxide,
and carbon dioxide.

At 800 K The production of additional carbon diox-
ide is undesirable.

At 1000 K Recycling leads to a simultaneous in-
crease in carbon dioxide production and carbon surface
coverage, making recycling less favorable.

At 1200 K Recycling within the range of 20-30%
volume is acceptable due to the increased production
of syngas and the reduced leakage of additional carbon
dioxide.

Therefore, recycling is not recommended at 800 K
and 1000 K, but it is acceptable at 1200 K within the
specified volume range. The detailed analysis of these
trends provides deeper insights into the complex inter-
play between reaction kinetics and catalyst stability,
ensuring a comprehensive understanding of the SMR
process under various conditions.

4.4 Evaluation of the effect of gas prod-
uct recycling on the steam methane
reforming process in the presence of
rhodium catalyst

Figure 6 shows the percentage increase in hydrogen,
carbon monoxide, carbon dioxide, and carbon surface
coverage at (a) 800 K, (b) 1000 K, and (c) 1200 K in
the presence of a rhodium catalyst. Based on Figure 6,
the following results can be achieved:

At 800 K (Figure 6a) Gas product recycling leads
to an increase in the production of hydrogen, carbon
monoxide, carbon dioxide, and carbon surface cover-
age. For example, at 30% recycling, the production
rates of H2, CO, CO2, and C(s) increase by 1.91%,
6.44%, 1.24%, and 4.84%, respectively. The increase in
hydrogen and carbon monoxide production indicates
that recycling stimulates the reforming reactions, en-
hancing overall syngas yield. However, the simultane-
ous rise in CO2 and carbon surface coverage suggests
that the water-gas shift reaction is also active, and
there is a risk of increased coke deposition on the cat-
alyst surface, which could impair catalyst performance
and longevity.
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(a)

(b)

(c)

Fig. 5. Evaluation of the effect of gas product recy-
cling on the increase in hydrogen, carbon monoxide,
carbon dioxide, and carbon surface coverage at (a)
800 K, (b) 1000 K, and (c) 1200 K, S/C ratio equal
to 3, and atmospheric pressure in the presence of
nickel catalyst.

At 1000 K (Figure 6b) Increasing recycling up to
30% volume increases the production of hydrogen, car-
bon monoxide, and carbon surface coverage while de-
creasing carbon dioxide production. For example, at
30% volume recycling, the production rates of hydro-
gen, carbon monoxide, and carbon surface coverage in-
crease by 4.57%, 14.21%, and 17.0%, respectively, while
carbon dioxide decreases by 5.75%. The trends at this
temperature highlight a more favorable scenario for hy-
drogen and carbon monoxide production, with a re-
duction in CO2 suggesting less water-gas shift activity.
However, the significant increase in carbon surface cov-
erage indicates a higher risk of coke formation, which
could hinder the catalyst’s effectiveness and require fre-
quent regeneration or replacement.

At 1200 K (Figure 6c) Increasing recycling up to
30% volume at 1200 K increases the production of hy-
drogen, carbon monoxide, and carbon surface coverage
while decreasing carbon dioxide. For example, at 30%
recycling volume, the changes in H2, CO, CO2, and
C(s) species are 5.73%, 13.26%, −8.95%, and 31.2%, re-
spectively. At this high temperature, the SMR process
benefits from enhanced hydrogen and carbon monox-
ide production, with a notable decrease in CO2 indi-
cating minimal water-gas shift reaction. Nonetheless,
the substantial rise in carbon surface coverage suggests
a severe risk of coke formation, potentially leading to
rapid catalyst deactivation and increased operational
challenges.

Based on the graphs, it can be inferred that adding
a small amount of hydrogen, carbon monoxide, and car-
bon dioxide through gas product recycling stimulates
the chain of chemical reactions, consequently affecting
the production of hydrogen, carbon monoxide, and car-
bon dioxide.

At 800 K The increase in carbon dioxide and carbon
surface coverage makes recycling at this temperature
unsuitable.

At 1000 K Recycling leads to a simultaneous in-
crease in carbon dioxide production and carbon surface
coverage, making recycling less favorable.

At 1200 K Recycling within the range of 20-30%
volume is not recommended due to the significant in-
crease in coke deposition on the catalyst bed despite
the increased production of syngas.

Therefore, gas product recycling is not recom-
mended at 800 K and 1000 K, and it is also not suitable
at 1200 K within the specified volume range due to the
significant increase in coke deposition on the catalyst
bed.
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(a)

(b)

(c)

Fig. 6. Evaluation of the effect of gas product recy-
cling on the increase in hydrogen, carbon monoxide,
carbon dioxide, and carbon surface coverage at (a)
800 K, (b) 1000 K, and (c) 1200 K, S/C ratio equal
to 3, and atmospheric pressure in the presence of
rhodium catalyst.

Table 2 summarizes the effects of gas product recy-
cling (GPR) on the steam methane reforming (SMR)
process with nickel (Ni) and rhodium (Rh) catalysts
at various temperatures (800 K, 1000 K, and 1200
K) and recycling volumes (20% and 30%). The table
presents the percentage increase in hydrogen (H2), car-
bon monoxide (CO), carbon dioxide (CO2), and carbon
surface coverage (C(s)) for each scenario, along with
conclusions on the suitability of GPR under the given
conditions.

5 Conclusion

Gas product recycling (GPR) has been proposed as
a strategy to improve the performance of the steam
methane reforming (SMR) process by reintroducing a
portion of the reaction products to the reactor inlet.
This study employed a validated and well-suited model
based on two reaction chains to investigate the effects
of GPR in the presence of nickel and rhodium catalysts.
GPR was simulated for volume percentages up to 30%
at different temperatures (800, 1000, and 1200 Kelvin),
a steam-to-methane ratio of 3, and atmospheric pres-
sure. The key findings of this modeling study are sum-
marized below based on Table 2:

• Nickel catalyst
– 800 K: GPR is not recommended due to

undesirable increases in carbon dioxide pro-
duction and carbon surface coverage.

– 1000 K: GPR is not recommended due to si-
multaneous increases in carbon dioxide pro-
duction and carbon surface coverage.

– 1200 K: GPR within the range of 20-30%
volume is acceptable due to increased syn-
gas production and reduced carbon dioxide
leakage.

• Rhodium catalyst
– General Observation: GPR is not recom-

mended for use with a rhodium catalyst at
any evaluated temperature due to the sig-
nificant increase in carbon surface coverage
and coke deposition.

These findings suggest that while GPR can be ben-
eficial under specific conditions with nickel catalysts,
particularly at higher temperatures, it is generally not
suitable for rhodium catalysts due to the adverse effects
on catalyst performance and longevity.
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Table 2. Summary table

Temperature
(K)

Recycling
Volume

(%)
Catalyst

H2

Increase
(%)

CO
Increase

(%)

CO2

Increase
(%)

C(s)
Coverage
Change

(%)

Conclusion

800 20 Nickel 2.35 4.44 2.32 -0.29
Not recommended due to
increased CO2 production.

1000 20 Nickel 3.05 7.37 1.44 3.3
Not recommended due to
increased CO2 and C(s)
coverage.

1200 20 Nickel 4.24 9.42 -3.32 9.39

Acceptable within 20-30%
recycling volume due to
increased syngas production
and reduced CO2.

800 30 Rhodium 1.91 6.44 1.24 4.84
Not recommended due to
increased CO2 and C(s)
coverage.

1000 30 Rhodium 4.57 14.21 -5.75 17
Not recommended due to
increased C(s) coverage.

1200 30 Rhodium 5.73 13.26 -8.95 31.2
Not recommended due to
significant increase in C(s)
coverage.

Nomenclature

A Pre-exponential factor in Arrhenius
function (variable)

A Area (m2)
Θ Surface coverage parameter (-)
a Pre-exponential factor in sticking

coefficient function (-)
b Temperature exponent in sticking

coefficient function (-)
C Activation energy in sticking

coefficient function (J/mol/K)
E Activation energy in Arrhenius

function (J/mol)
GHSV Gas hourly space velocity (h−1)
k Chemical species (-)
k Reaction rate constant (-)
m Surface coverage parameter (-)
m Sum of stoichiometric coefficients of

surface reactants (-)
n Amount of substance (mol)
P Perimeter (m)
P Pressure (atm)
q Rate of progress (mol/m3/s)
R Universal gas constant

(atm m3/mol K)
ṡ Net molar production rate in

heterogeneous reaction (kmol/s/m2)
T Temperature (K)
t Time (s)
u Velocity (m/s)
W Molecular weight (kg/mol)

Greek Symbols

Γ Surface porosity density (mol/m2)
ρ Density (kg/m3)
σ Number of occupied pores (-)
β Temperature exponent in Arrhenius function (-)
θ Mole fraction of occupied pores on the surface (-)
ε Surface coverage parameter (J/mol)
γ Probability of reaction per collision (-)

Subscripts

s Solid
i Chemical reaction
k Chemical species
f Forward
in Inlet

out Outlet

Chemical Species

H2O Water
CH4 Methane
H2 Hydrogen
CO Carbon monoxide
CO2 Carbon dioxide
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