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a b s t r a c t

Traditional steam methane reforming facilities for producing hydrogen not only consume a large
amount of natural gas, but also emit a lot of greenhouse gas. Considering the utilization of clean
energy, the reduction of carbon dioxide emission, and the production of chemicals, this paper
establishes a model of steam methane reforming reactor heated by molten salt by utilizing finite-time
thermodynamics. In order to reduce the irreversibility of this reactor, the entropy generation rate
minimization and some operating parameters are taken as the optimization objective and variables,
respectively. The hybrid particle swarm optimization algorithm is proposed for solving this model.
Afterwards, the influences of the porosity of the catalyst bed and catalyst activity on the optimal
performance are analyzed. The results indicate that the total entropy generation rate of the reactor
is reduced by 22.08% after optimizing the inlet parameters of the molten salt and reaction mixture.
Within the scope of this study, the total entropy generation rate of the optimal reactor decreases with
the increasing porosity of catalyst bed. When the catalyst activity decreases, the hydrogen production
rate can remain constant by adjusting the operating parameters. The obtained results are favorable to
guide the optimal design of the practical reactors.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Although the traditional rugged development brings huge eco-
nomic benefits to the world, it has elicited a lot of problems, such
as resource waste, environment pollution, and the greenhouse
effect (Saidi and Hammami, 2015). At present, ecological envi-
ronment protection and sustainable development have become
the focus problem (Albassam et al., 2018; Chaubey et al., 2013).
Hydrogen has attracted much attention due to its clean and
renewable. So far, the technical routes for hydrogen production
mainly include the water electrolysis, the steam methane reform-
ing (SMR) (Pashchenko, 2019a), the chemical looping steam re-
forming (Guo et al., 2016), the dry reforming of methane (Blooma
et al., 2018), the biomass and photovoltaic. Among them, the SMR
is widely used technical route for hydrogen production. In fact,
the SMR can also be used to produce the synthesis gas, it is widely
used in various industries (Pashchenko, 2019c,b). Therefore, an-
alyzing the traditional SMR process by using various analysis
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methods and improving it by utilizing the novel technology own
more practical significance, in the short term (Boyano et al., 2011;
Hajjaji et al., 2012).

Hajjaji et al. (2012), Simpson and Lutz (2007), Boyano et al.
(2012), and Chen et al. (2012) analyzed the traditional SMR pro-
cess by using the exergy analysis and advanced exergy analysis,
and proposed the improvement schemes for the process generat-
ing abundant destroyed exergy. To reduce the destroyed exergy
and the greenhouse gas emissions, Falco et al. (2014b) and Diglio
et al. (2017) combined the technology of hydrogen permeation
membrane and the carbon dioxide adsorption with the tradi-
tional SMR process, respectively. Many researchers used solar
energy (Falco et al., 2014a; Jin et al., 2018), nuclear energy (Ho-
seinzade and Adams, 2017), and high-temperature flue gas from
the solid oxide fuel cell (Sciazko et al., 2014) as the alternatives of
the methane combustion. Among them, the solar steam reforming
technology holds bright prospects, because of its green, clean and
renewable.

Giaconia et al. (2008) proposed three SMR processes inte-
grated with the molten salt (MS), which is heated by the solar
radiation, and analyzed those processes by utilizing AspenPlus.
Piemonte et al. (2012) utilized the LCA software (Simapro7) to
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https://doi.org/10.1016/j.egyr.2020.03.011
http://www.elsevier.com/locate/egyr
http://www.elsevier.com/locate/egyr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egyr.2020.03.011&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:lgchenna@yahoo.com
mailto:lingenchen@hotmail.com
mailto:398843013@qq.com
https://doi.org/10.1016/j.egyr.2020.03.011
http://creativecommons.org/licenses/by/4.0/


686 P. Li, L. Chen, S. Xia et al. / Energy Reports 6 (2020) 685–697

Nomenclature

A Cross sectional area, m2

c Superficial velocity, m s−1

CP Molar heat capacity at constant pres-
sure, J mol−1 K−1

d Diameter, m
D Hydraulic diameter, m
F Molar flow rate, mol s−1

h Convective heat transfer coefficient,
W m−2 K−1

P Pressure, bar
r Reaction rate, mol s−1 kg−1

Sg Entropy generate rate, W K−1

T Temperature, K
z Axial coordinate

Greek symbols

ε Porosity
η Intraparticle diffusion effective factors
λ Thermal conductivity, W m−1 K−1

µ Viscosity, kg m−1 s−1

σ Local entropy generate rate,
W K−1 m−1

Subscripts

B Catalyst bed
C Catalyst particle
i Reaction i
k Component k
MS Molten salt
Ri Internal of the reactor
Ro External of the reactor
RM Reaction mixture

Abbreviations

CB Catalyst bed
EGR Entropy generation rate
HPR Hydrogen production rate
HT Heat transfer
MFR Molar flow rate
MS Molten salt
MS-SMR Steam methane reforming reactor

heated by molten salt
RM Reaction mixture
RT Reactor tube
SMR Steam methane reforming reactor

make the life cycle assess to the facilities in the above pro-
cesses. Falco et al. (2014a) established a two-dimensional steam
methane reforming reactor heated by the MS (MS-SMR) model,
and analyzed the influences of the space velocity, temperature of
the reaction mixture (RM), and reactor length on the methane
conversion rate. The studies mentioned above for the MS-SMR
reactors did not consider the parameter optimization. There-
fore, advanced thermodynamic theory is needed to optimize the
MS-SMR reactor.

Finite-time thermodynamics (Andresen et al., 1984; Chen et al.,
1999; Andresen, 2011) uses optimal control theory and optimiza-
tion algorithm to study various irreversible processes and cycles,

and obtains many meaningful results to guide the designs of
the practical equipments, including chemical syntheses (Schön,
2009), internal combustion engine (Ge et al., 2016), steady state
optimization of various processes and cycles (Chen and Sun,
2004; Chen, 2005), dynamic-optimizations of irreversible pro-
cesses (Chen and Xia, 2017, 2019) and cycles (Chen and Xia,
2018a,b; Chen et al., 2019), biological processes (Roach et al.,
2018), organic Rankine cycle (Abam et al., 2018), sustainable
development (Lucia and Grisolia, 2019), heat and power co-
generation plant (Feng et al., 2019), fuel cell combined system
Açıkkalp et al. (2020), etc. In the engineering, it is also called
the entropy generation minimization (Bejan, 1982, 1996b,c,a,
2013) or thermodynamic optimization, which is the method of
modeling and optimization of real devices that owe their ther-
modynamic imperfection to heat transfer, mass transfer, and fluid
flow irreversibilities (Bejan, 1996b).

In solving the optimization problems of chemical industrial,
chemical engineers generally tend to pursue the maximum target
production rate (Månsson and Andressen, 1986; Piña et al., 2001;
Pantoleontos et al., 2012; Li et al., 2019b; Wang et al., 2016),
while thermodynamic researchers tend to improve the energy
efficiency at a fixed target production rate, which is consistent
with decreasing the exergy loss (Leites et al., 2003). According to
the Gouy–Stodola theory, the exergy loss is equal to the product
of the entropy generation and the ambient temperature. There-
fore, the entropy generation rate (EGR) minimization at a fixed
target production rate can be used to decrease the irreversibilities
of the chemical reactor, and to improve its energy efficiency.
Taking the EGR minimization as the optimization objective, the
team of Kjelstrup optimized the methanol synthesis via carbon
dioxide hydrogenation reactor (Kjelstrup et al., 2000), the ammo-
nia synthesis reactor (Nummedal et al., 2003), the SO2 oxidation
reactor (Johannessen and Kjelstrup, 2004), and the SMR reac-
tor (Nummedal et al., 2005; Wilhelmsen et al., 2010). The team
of Chen (Ao et al., 2018; Chen et al., 2018a; Zhang et al., 2018,
2020; Li et al., 2019a; Chen et al., 2018b; Zhang et al., 2019)
optimized the SMR reactor (Ao et al., 2018; Chen et al., 2018a),
the reverse water gas shift reactor (Zhang et al., 2018, 2020), the
methanol synthesis via carbon dioxide hydrogenation reactor (Li
et al., 2019a), and the carbon dioxide hydrogenation to light
olefins reactor (Chen et al., 2018b; Zhang et al., 2019). Kingston
and Razzitte (2017, 2018) applied EGR minimization to ideal re-
actors and practical industrial reactors, analyzed thermodynamic
performance of the stirred tank and plug flow reactors (Kingston
and Razzitte, 2017), and obtained the optimal parameters to the
dimethyl ether synthesis reactor (Kingston and Razzitte, 2018).

The purpose of this paper is to reduce the total EGR, which
consists of the EGRs caused by the heat transfer process of the
finite temperature difference, the chemical reaction processes of
the finite reaction rates, and the viscous flow process of the finite
pressure drop, under the fixed hydrogen production rate (HPR)
by adjusting the operating parameters of the MS-SMR reactor.
Firstly, a one-dimensional MS-SMR reactor, which includes the
annular heating tube model, the complex heat transfer model
and some empirical formulas to describe some thermodynamic
parameters, is established based on FTT theory. Then, the optimal
operating parameters of the MS-SMR reactor are obtained by us-
ing the proposed hybrid particle swarm optimization algorithm.
Afterwards, the performance of the optimal reactor is analyzed.
Finally, the influences of the porosity of the catalyst bed (CB) and
the catalyst activity on the optimization results are analyzed.

2. System description and reactor model

2.1. System description

Xu and Froment (1989b,a) studied the mechanism of the SMR
reaction catalyzed by Ni/MgAl2O4, and proposed the detailed



P. Li, L. Chen, S. Xia et al. / Energy Reports 6 (2020) 685–697 687

Fig. 1. Schematic diagram of the hydrogen production process based on the MS-SMR reactor.

reaction kinetic model for three main reactions:

CH4 + H2O ⇀↽ CO + 3H2 ∆rH1 > 0 (1)

CO + H2O ⇀↽ CO2 + H2 ∆rH2 < 0 (2)

CH4 + 2H2O ⇀↽ CO2 + 4H2 ∆rH3 > 0 (3)

where ∆rHi denotes the reaction enthalpy of each reaction, which
can be calculated by using the empirical formulas in Appendix A.

The schematic diagram of the MS-SMR process for hydrogen
production is shown in Fig. 1, which mainly includes three parts,
i.e. the solar trough collector section (Alotaibi et al., 2020), two
tanks for MS storage, and the SMR reactor (Albassam et al., 2018;
Giaconia et al., 2008). The high-temperature MS, heated by the so-
lar radiation in the solar trough collector, is stored in an insulated
high-temperature tank to be pumped, afterwards to the SMR
reactor, where it heats the RM. Afterwards, the MS is pumped
to an insulated lower-temperature tank, and then return to the
solar trough collector (Giaconia et al., 2008). As shown in Fig. 1,
Many reactor tubes (RT) are placed vertically inside the reactor
furnace, where the MS releases the sensible heat to the RM. These
RTs have similar geometric and physical characteristics, therefore,
one such TR is selected as the research object. Pashchenko (2018)
investigated the effect of geometric dimensionality on the simu-
lation results of the steam methane reforming reactor, the results
indicated that the results for one-dimensional, two-dimensional
and three-dimensional models almost similar, when the resi-
dence time is more than 8 and the relative length is more than
15. The residence time and the relative length in this paper are
8.7 and 200, respectively. Therefore, a one-dimensional reactor
model, which consists of the RT filled with catalyst particles and
the annular heating tube filled with the MS, is established shown
in Fig. 2.

Chemical reactor contains multiple transfer phenomena. If all
transfer phenomena been factored in, solving and optimizing the

reactor becomes very difficult. In order to facilitate solving the
proposed model in this paper, some assumptions are considered:

(1) No back mixing of the RM exists in the axial direction. This
assumption is reasonable, because the ratio of reactor length L
and equivalent diameter of the catalyst particles dC is greater than
150.

(2) The RT is assumed as the plug flow pattern, because the
aspect ratio of the reactor L/dRi is greater than 100.

(3) The RM is processed as the ideal gas, since the operating
pressure is not too high (Pantoleontos et al., 2012; Nummedal
et al., 2005).

(4) The pressure drop in the annular heating tube is ignored.
(5) The outer wall of the annular heating tube is assumed to

be adiabatic.

2.2. Reactor tube model

The axial temperature of the RM TRM is written as follows (We-
senberg, 2006)

dTRM
dz

=
πdRiJq − ρCARi (1 − εB) ·

∑3
i=1 (ηiri∆rHi)∑6

k=1 FkCP,k
(4)

where dRi denotes the inner diameter of the RT, Jq denotes the
heat flux through the wall of the reactor tube, ρC denotes the
apparent density of the catalyst particles, ARi denotes the cross
sectional area of the RT, εB denotes the porosity of the CB, ηi, and
ri denote the intraparticle diffusion efficiency factor, and intrinsic
reaction rate of each reaction, respectively, Fk and CP,k denotes
the molar flow rate (MFR) and molar heat capacity of compo-
nent k, and CP,k is calculated by using the empirical formulas in
Appendix A.

ReC is the Reynolds number for fixed bed. For ReC/(1 − εB) ≈

5000, the pressure drop is described by using Hicks equation as
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Fig. 2. One-dimensional pseudo-homogeneous plug flow reactor model.

Fig. 3. The CH4 conversion rate versus the temperature of the RM under the
simulation, thermodynamic equilibrium and experimental.

follows (Hicks, 1970)

dPRM
dz

= −6.8
(1 − εB)

1.2

ε3
B

Re−0.2
C

ρRMc2RM
dC

s.t. 300 <
ReC

1 − εB
< 60000 (5)

where ρRM and cRM denote the density and superficial velocity of
the RM, respectively.

The MFRs of components are described by using the molar
mass conservation equation as follows:

dFCH4

dz
= −ρCARi (1 − εB) · (η1r1 + η3r3) (6)

dFH2O

dz
= −ρCARi (1 − εB) · (η1r1 + η2r2 + η3r3) (7)

dFH2

dz
= ρCARi (1 − εB) · (3η1r1 + η2r2 + η3r3) (8)

dFCO
dz

= ρCARi (1 − εB) · (η1r1 − η2r2) (9)

dFCO2

dz
= ρCARi (1 − εB) · (η2r2 + η3r3) (10)

2.3. Annular heating tube model

The annular heating tube is filled with the MS, which is com-
posed of 60% NaNO3 and 40% KNO3 (Zavoico, 2001). It is known
as ‘‘solar salt’’, because of its high heat capacity, stable property
and less volatile. The axial temperature of the MS TMS is written
as follows (Nummedal et al., 2005; Zhang et al., 2020):
dTMS

dz
=

π · dRi · Jq
FMSCP,MS

(11)

where FMS denote the MFR of the MS, and the heat capacity
of the MS CP,MS is calculated by using the empirical formula in
Appendix A.

2.4. Heat transfer model

The energy conservation equations in the outer and inner
walls of the RT are, respectively, as follows (Yang and Tao, 2006):

hRo
MS (TMS − TRo) =

2λR (TRo − TRi)
dRo ln (dRo/dRi)

(12)

hRi
RM (TRi − TRM) =

2λR (TRo − TRi)
dRi ln (dRo/dRi)

(13)

where TRi and TRo denote the temperature of the inner and outer
walls in the RT, respectively, dRo denotes the outer diameter of the
RT, and the convection coefficients hRo

MS and hRi
RM are calculated by

using the empirical formulas in Appendix B.
The heat flux is written as follows (Yang and Tao, 2006)

Jq = hRi
RM (TRi − TRM) (14)

2.5. Reaction kinetic model

Xu and Froment (1989b,a) established the reaction kinetic
model for the SMR reaction catalyzed by Ni/MgAl2O4. This model
has been widely used in the researches on the SMR reactor
(Pantoleontos et al., 2012; Li et al., 2019b; Wang et al., 2016;
Nummedal et al., 2005; Wilhelmsen et al., 2010; Ao et al., 2018;
Chen et al., 2018a). The intrinsic reaction rates are written as
follows:

r1 = α
k1

3.6 · P2.5
H2

DEN2

(
PCH4PH2O −

P3
H2
PCO

K1

)
(15)

r2 = α
k2

3.6 · PH2DEN2

(
PCOPH2O −

PH2PCO2

K2

)
(16)
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Table 1
The local EGR of the mainly irreversible processes in the reactora .
Local EGR Expression Local EGR Expression

σH,MS-Ro π · dRiJq · [(1/TRo) − (1/TMS)] σP ARicRM
1

TRM

dPRM
dz

σH,Ro-Ri π · dRiJq · [(1/TRi) − (1/TRo)] σri −ρC (1 − εB) ARiηiri

(
∆rGi

TRM

)
σH,Ri-RM π · dRiJq · [(1/TRM) − (1/TRi)] σH π · dRiJq · [(1/TRM) − (1/TMS)]

aWhere σH denotes the local EGR attributed to all HT processes, ∆rGi denotes the Gibbs free energy
of each reaction (Bejan, 1996a; Wang et al., 2016).

Table 2
Parameters setting of the reference reactor.
Parameters Symbol Value (unit)

Geometric parameters

Inner diameter of the annular
heating tube

dHi 0.200 m

Hydraulic diameter of the annular
heating tube

Dh 0.090 m

Inner diameter of the RT dRi 0.110 m
Outer diameter of the RT dRo 0.134 m
Wall thickness of the RT δR 0.012 m
Heat conductivity of the RT wall λR 50 W m−1 K−1

Mole fraction of the inlet composition

Methane and steam y0SM 0.9273
Hydrogen y0H2

0.0260

Carbon dioxide y0CO2
0.0119

Nitrogen y0N2
0.0349

Parameters of the catalyst Ni/MgAl2O4

Particle diameter dC 7.265 × 10−3 m
Particle density ρC 2355.2 kg m−3

Heat conductivity of the particle λC 0.3489 W m−1 K−1

Tortuosity factor τ 3.54
Particle porosity εC 0.59
Porosity of the CB εB 0.65
Catalyst activity α 1
Particle emissivity εem 0.8

r3 = α
k3

3.6 · P3.5
H2

DEN2

(
PCH4P

2
H2O −

P4
H2
PCO2

K3

)
(17)

DEN = 1 + KCOPCO + KH2PH2 + KCH4PCH4 + (KH2OPH2O)/PH2 (18)

where DEN is a group of adsorption parameters, α denotes the
catalyst activity, ki and Ki denote the rate and equilibrium con-
stants of reaction i, respectively, Pk and KK denote the partial
pressure and the adsorption constant of component k, respec-
tively (Xu and Froment, 1989b,a).

2.6. Entropy generation rate of reactor

EGR can be used to measure the irreversible losses in the
irreversible processes (Kjelstrup and Bedeaux, 2008; Kjelstrup
et al., 2010). The local EGR in the MS-SMR reactor is expressed
as follows:

σTot = σH,MS-Ro + σH, Ro-Ri + σH, Ri-RM + σP +

∑
i

σri (19)

where σH,MS-Ro, σH, Ro-Ri, and σH, Ri-RM denote the local EGRs at-
tributed to the heat transfer (HT) between the MS and the outer
wall of the RT, the outer wall and the inner wall of the RT,
the inner tube of RT and the RM, respectively, σri denotes the
local EGR attributed to the each reaction, σP denotes the local
EGR attributed to the viscous flow, and the local EGR of each
irreversible process are listed in Table 1.

Table 3
Optimization variables setting of the reference reactor and the value ranges of
them.
Optimization variable Symbol (unit) Value Value range

Temperature of the inlet
MS

T 0
MS (K) 850 [800, 880]

MFR of the inlet MS F 0
MS (mol s−1) 32 [20, 50]

Total MFR of the inlet
RM

F 0
T (mol s−1) 6.746 [4, 10]

Steam methane ratio of
the inlet RM

S/M 3.3578 [3, 5]

Temperature of the inlet
RM

T 0
RM (K) 773.15 [700, 850]

Pressure of the inlet RM P0
RM (bar) 29 [20, 40]

As the optimization objective, the total EGR Sg(L) is expressed
as follows:

Sg(L) = SgH(L) + Sgr(L) + SgP(L) =
dS
dt

=

∫ L

0
σTotdz (20)

where, SgH(L), Sgr(L), and SgP(L) denote the total EGR attributed to
the HT, the chemical reaction, and the viscous flow, respectively.

2.7. Model verification

To verify the reliability of the reaction kinetic and some ther-
modynamic models in Appendix A, the simulation results of an
isothermal and isobaric SMR reactor based on the above models
are compared with the results under the thermodynamic equi-
librium and the experimental (Shu et al., 1994; Gallucci et al.,
2004). All parameters in the isothermal and isobaric SMR reactor
are obtained from the experimental parameters of Shu et al.
(1994). The methane conversion rate versus the temperature of
the RM under the simulation, thermodynamic equilibrium and
experimental is shown in Fig. 3. As shown in Fig. 3, the methane
conversion rate under the thermodynamic equilibrium is higher
than that under the simulation and experimental results. The
error between the simulation results and the experimental results
is slightly larger in the low-temperature section. However, in the
range of 675 K to 725 K, the reliability of the above models shows
the best, which indicates that the above models can be used to
describe the MS-SMR reactor within the research scope.

3. Optimal performance

3.1. Description of optimization problem

The MS-SMR reactor is modified on the basis of the traditional
SMR reactor. Therefore, selecting optimization variables and set-
ting the values of all parameters must be based on the following
principles (Månsson and Andressen, 1986): (1) the geometric
parameters of the traditional SMR reactor should not be changed
as far as possible; (2) adjusting the optimization variables should
not affect other facilities as much as possible; (3) the ranges of the
optimization variables should be obtained from the references or
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Fig. 4. Hybrid particle swarm optimization algorithm flow chart.

the plant data; (4) other parameters except for the optimization
variables are consistent with the traditional SMR reactor. Accord-
ing to the above principles, some inlet operating parameters are
chosen as the optimization variables. The fixed HPR, which is
obtained by solving the reference reactor model, the conserva-
tion equations, and the boundary constraints of the optimization
variables are considered as the constraints. The minimum total
EGR is chosen as the optimization objective.

3.2. Classification of optimization problems

In the optimization problem, the performance of the optimiza-
tion objective can be improved by increasing the freedoms (Jo-
hannessen and Kjelstrup, 2004; Nummedal et al., 2005; Wilhelm-
sen et al., 2010; Zhang et al., 2018; Li et al., 2019a; Chen et al.,
2018b; Kingston and Razzitte, 2018). According to the number of
the optimization variables, the reference reactor and four types
of optimal reactors in this paper are obtained as follows:

(1) Reference reactor: all optimization variables are given ac-
cording to the references or the plant data.

(2) Case 1: the temperature and MFR of the inlet MS are taken
as the optimization variables, and other parameters are consistent
with the reference reactor.

(3) Case 2: the total MFR and S/M of the inlet RM are added
as the optimization variables based on the Case 1 reactor.

(4) Case 3: the temperature of the inlet RM is added as the
optimization variables based on the Case 2 reactor.

(5) Case 4: the pressure of the inlet RM is added as the
optimization variables based on the Case 3 reactor.

3.3. Numerical computation method

Above optimization problem belongs to a multi-dimension
and multi-peak nonlinear optimization problem, solved by us-
ing the intelligent optimization algorithms. For the large-scale
nonlinear continuous optimization problems, the particle swarm
optimization owns the advantages of high efficiency and correct-
ness (Azab, 2020). However, it may be trapped in the local opti-
mal solution sometimes (Qian et al., 2012; Zhou et al., 2014). The
genetic algorithm can ensure the population diversity through
the crossover and mutation of the genetic operators, so as to
obtain the global optimal solution, whereas it generally consumes
a lot of computational resources. The computational efficiency
and correctness of the non-linear programming are higher than
those of other methods in solving the small-scale nonlinear op-
timization problems. However, the optimal solution obtained by
utilizing the non-linear programming is easily trapped in the local
optimal solution in solving the multi-dimensional and multi-peak
optimization problems. As the increasing optimization variables,
the calculation precision of the particle swarm optimization de-
creases and the calculation time increase. To obtain the global
optimal solution within less time, the hybrid particle swarm
optimization algorithm as shown in Fig. 4 is proposed. In the op-
timization process, the swarm size, the crossover probability, the
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Fig. 5. The comparisons of the EGRs of the irreversible processes in each reactor.

learning factor of the individual optimization, the learning factor
of the global optimization, the inertia factor, and the maximum
permission iterative number are set as 100, 0.04, 2, 2, 0.8, and
300, respectively.

4. Results and discussions

4.1. Parameters setting of reference reactor

All parameters of the reactor and catalyst are consistent with
those parameters in the practical industrial SMR reactor (Xu
and Froment, 1989b,a). The catalyst Ni/MgAl2O4 is not a regular
spherical particle. Therefore, the porosity of the CB is set as 0.65,
according to the industrial reactors (Johannessen and Kjelstrup,
2004; Zhang et al., 2018, 2020; Li et al., 2019a; Chen et al., 2018b;
Wesenberg, 2006). The heat flux between the MS and the RM,
and the intraparticle diffusion effective factors of the reference
reactor are calculated by using the HT model and the catalyst
particle model (Zhang et al., 2019; Hicks, 1970), respectively.
The catalyst activity is set as 1. The heat capacities and reaction
enthalpies of the RM can be obtained from Ref. Johannessen and
Kjelstrup (2004). The viscosities, and thermal conductivities of the
RM and MS are calculated based on the empirical formulas as
shown in Appendix A (Yaws, 1999). Tables 2 and 3 list the major
parameters and the optimization variables of the MS-SMR reactor,
respectively.

4.2. Numerical results

The flow direction of the MS is opposite to that of the RM in
this paper. Therefore, solving the reference reactor model belongs
to a two-point boundary value problem, which generally is solved
by using the function of ‘bvp4c’ in MATLAB. That function is
also needed to solve the catalyst particle model (Kingston and
Razzitte, 2018), which consists of a set of second-order differ-
ential equation. The hybrid particle swarm optimization is used
to optimize Case 1- Case 4 reactors. To shorten the calculation
time for searching the global optimal solution, the intraparticle
diffusion effective factor of each reaction is set as 0.04, 0.1,
and 0.04, respectively, according to the calculation results of the
reference reactor.

Table 4 lists the optimal values of the optimization variables,
the methane conversion rate and the total EGR of each reactor
and the corresponding decreased magnitude. As shown in Table 4,

Fig. 6. The distributions of the cumulative HPR and EGR in each reactor.

Table 4
Optimal values of the optimization variables, the methane conversion rate and
the total EGR of each reactor and corresponding decreased magnitude.
Reactor Reference Case 1 Case 2 Case 3 Case 4

T 0
MS (K) 863.35 851.17 846.89 853.75 851.46

F 0
MS (mol s−1) 32 50 50 50 50
S/M 3.35 3.35 3.06 5 5
F 0
T (mol s−1) 6.746 6.746 6.950 6.764 8
T 0
RM (K) 773.15 773.15 773.15 823.81 833.60

P0
RM (bar) 29 29 29 29 40

XCH4 (%) 17.8 17.8 16.1 24.5 20.6
Sg(L) (W K−1) 11.14 10.27 10.26 9.50 8.68
Decreased magnitude (%) – 7.81 7.90 14.72 22.08

the total EGRs of the optimal reactors decrease with the increas-
ing number of optimization variables. Compared with the total
EGR of the reference reactor, that of the Case 4 reactor decreases
by 22.08%. The methane conversion rate of the Case 3 reactor
(24.5%) is higher than that of other reactors. That is due to the
higher S/M and the lower pressure in the Case 3 reactor, and they
are favorable to improve the methane conversion, according to
the Le Chatelier’s principle. On the basis of the Case 1 reactor,
releasing the total MFR and the S/M of the inlet RM has a slight
influence on the total EGR of the optimal reactor.
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Table 5
The minimum EGRs and the optimal design parameters of the Case 4 reactor
with each catalyst activity.

α = 0.6 α = 0.3 α = 0.2 α = 0.15

T 0
MS (K) 862 876 880 880

F 0
MS (mol s−1) 50 50 50 50
S/M 5 3.07 3 3
F 0
T (mol s−1) 7.49 6.68 6.93 7.52
T 0
RM (K) 850 850 850 850

P0
RM (bar) 40 40 40 40

XCH4 (%) 22.1 16.9 16.01 14.7
Sg(L) (W K−1) 8.70 9.09 9.61 10.27

Fig. 5 illustrates the comparisons of the EGRs of the irre-
versible processes in each reactor. As shown in Fig. 5, some
optimization variables have different effects on the EGRs from
different irreversible processes. For example, optimizing the total
MFR and the S/M of the inlet RM decreases the EGR attributed
to the HT, while it increases the EGRs attributed to the chemical
reactions and the viscous flow processes. Therefore, the total EGR
of the Case 2 reactor is basically consistent with that of the Case
1 reactor. Optimizing the temperature of the inlet RM decreases
the EGR attributed to the HT, meanwhile, it significantly increases
the EGR attributed to the reaction (3). The EGRs from the HT
and the viscous flow are reduced by optimizing the pressure of
the inlet RM. From the perspective of decision makers, one can
find out the impact of each operating parameter on the EGR of
each irreversible process, and then adjusts some key operating
parameter to reduce the total EGR.

Fig. 6 illustrates the profiles of the cumulative HPR and total
EGR in each reactor. As shown in Fig. 6(a), the profiles of the
cumulative HPRs show a sharp increase, and then are followed
by a slight increase up to the value of 1 mol/s. That is due to
the decreasing reactants along the axial of reactor. As shown in
Fig. 6(b), the profiles of the cumulative total EGRs in the reference
reactor and the Case 1 and Case 2 reactors are basically the same
near the inlet, while these profiles are slightly different near the
outlet. This is because that the local EGR due to the heat transfer
is much less than that due to the chemical reaction at the inlet
of reactor, and optimizing the temperature and the MFR of the
molten salt has a little influence on the local EGR due to the
chemical reactions. The cumulative total EGRs of the Case 3 and
Case 4 reactors are larger than that of other reactors near the
inlet. This is because that increasing the temperature and the
pressure of the RM results in the increasing reaction rates at the
inlet, and then causes the increasing local EGRs due to the chem-
ical reactions. However, the total EGRs of the Case 3 and Case 4
reactors are smaller than that of other reactors at the outlet. That
is because that the EGR due to the heat transfer decreases with
the increase of the temperature of the RM. According to Figs. 5
and 6, the irreversibility of the reference reactor and the Case 1
and Case 2 reactors mainly comes from the HT processes, while
that of the Case 3 and Case 4 reactors mainly comes from the
chemical reaction processes.

Fig. 7 illustrates the profiles of the temperatures of the RM and
the MS in each reactor. The temperature profiles show a decrease
up to the minimum near the inlet, and then are followed by a
linear increase. This is because that the heat required for the
endothermic reactions at the inlet is much greater than the heat
adsorbed of the reaction mixture from the molten salt, and the
reaction rates decrease along the axial of the reactor, which leads
to a significant reduction in the heat required for the endothermic
reactions. The temperature of the inlet MS in the Case 1 reactor
is much less than that in the reference reactor, that is due to
the increasing MFR of the inlet MS. The temperature differences

Fig. 7. The distributions of the temperatures of the RM and the MS in each
reactor.

between the MS and the RM in the Case 3 and Case 4 reactors are
much less than that in other reactors, that is due to the increasing
temperature of the RM and the decreasing temperature of the
inlet MS.

Fig. 8 illustrates the profiles of the driving force and local
EGR of the HT process in each reactor. As shown in Fig. 8(a),
the profiles of the thermal forces show a sharp increase up to
a maximum, and then are followed by an approximately linear
decrease, and these profiles are similar to that of the temperature
differences. The profile of the thermal force of each reactor gradu-
ally decreases, and distributes more even along the dimensionless
axial coordinate with the increasing number of the optimiza-
tion variables. This phenomenon can be explained by using the
equipartition principles of the driving force (Sauar et al., 1996).
As shown in Fig. 8(b), the profiles of the local EGRs attributed to
the HT are basically similar to that of the thermal forces in all
reactors except for the Case 1 reactor. The Case 1 reactor owns
the maximum local EGR attributed to the HT, while its thermal
force is not the maximum. That is because that increasing the
MFR of the inlet MS leads to the increase of the HT coefficient
between the MS and the RM, and then causing the increasing
heat flux and local EGR. The optimal results shown in Fig. 8
verify the equipartition principles of driving force and entropy
generation (Sauar et al., 1996; Tondeur and Kvaalen, 1987).

Fig. 9 illustrates the profiles of the cumulative and local EGRs
attributed to the chemical reactions in each reactor. As shown in
Fig. 9(a), about 85% of the EGR distributes in the first 10% length
of each reactor, that is due to the sufficient reactants near the
inlet of each reactor. The total EGR attributed to the chemical
reaction in each reactor increases with the increasing number
of optimization variables. As shown in Fig. 9(b), the local EGR
attributed to the chemical reaction is larger than that attributed
to the HT and viscous flow processes at the inlet of each reactor.
Therefore, the profile of the cumulative EGR attributed to the
chemical reaction is similar to that of the cumulative total EGR at
the inlet of each reactor. The local EGRs attributed to the chemical
reactions near the inlet of the Case 3 and Case 4 reactors are
larger than that of other reactors, that is due to the increasing
temperature and pressure of the inlet RM. According to Figs. 5
and 9(b), for the chemical reactions processes in each reactor, the
more uneven the profile of the local EGR is, the larger the total
EGR is. This phenomenon verifies the principle of equipartition
entropy generation (Tondeur and Kvaalen, 1987).

Fig. 10 illustrates the profiles of the driving force and the local
EGR of the viscous flow process in each reactor. As shown in
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Fig. 8. The distributions of the driving force and local EGR of the HT process in
each reactor.

Fig. 10(a), the profile of the driving force of the viscous flow
process in each reactor shows a sharp decrease, and then is
followed by a slight decrease. This phenomenon is because that
the total MFR and the velocity of the RM increase rapidly due to
the largest reaction rates near the inlet of each reactor, and then
they increase slightly due to the decreasing reaction rates and the
increasing temperature of the inlet RM. As shown in Fig. 10(b),
the local EGRs in the Case 2 and Case 3 reactors are larger than
that in other reactors, that is due to the increasing total MFR of
the inlet RM. The Case 4 reactor owns the minimum local EGR
because of the largest pressure of the inlet RM.

The porosity of CB is utilized to characterize the structure of
the CB. The ideal porosity of the CB is generally above 0.375
(Pushnov, 2006), and the porosity of the CB in the industrial
reactors is generally above 0.5 (Wesenberg, 2006). The porosity
of the CB studied in this paper is considered to vary from 0.375 to
0.65. Fig. 11 illustrates the influence of the porosity of the CB on
the total EGR and the optimal value of each optimization variable.
Regardless of the value of the porosity of the CB, the optimal MFR
of the inlet MS and the optimal pressure of the inlet RM are equal
to 50 mol/s and 40 bar, respectively, hence the profiles of them
are not shown in Fig. 11. As shown in Fig. 11, within the scope
of the porosity of the CB, the profiles of the total EGR show a

Fig. 9. The distributions of the cumulative and local EGRs attributed to the
chemical reactions in each reactor.

sharp decrease, and then are followed by a slight decrease. The
reasons for the above phenomenon mainly include two reasons:
(1) increasing the porosity of the CB leads to the decreasing flow
resistance and the total EGR attributed to the viscous flow; (2)
the local EGRs attributed to the HT show a sharp decrease, and
then are followed by a decrease with the increasing porosity of
the CB. Increasing the porosity of the CB leads to the decreasing
contact area between the RM and the catalyst surface, and hence
the total MFR and the S/M of the inlet RM must be increased to
meet the constraint of the fixed HPR.

The deactivation of the catalyst is inevitable in the practical
chemical reaction process. Fig. 12 illustrates the HPR versus the
catalyst activity under the optimal parameters of the Case 4
reactor. As shown in Fig. 12, the profile of HPR shows a slight
decrease, and then are followed by a sharp decrease. To ensure
the fixed HPR, the optimization variables of the reactor should
be adjusted according to the real-time optimization (Paulen and
Fikar, 2019). However, it is suitable for the small-scale optimiza-
tion problem, which does not need consume a lot of computa-
tional time. For this large-scale optimization problem, calculating
optimal operating parameters in advance for different catalyst ac-
tivity, and then invoking the operating parameters corresponding
to the catalyst activity is better.
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Fig. 10. The distributions of the driving force and the local EGR of the viscous
flow process in each reactor.

Fig. 11. The total EGR and the optimal value of each optimization variable versus
the porosity of the CB.

Table 5 lists the minimum EGRs and the optimal design pa-

rameters of the reactors with the catalyst activity being 0.6,

0.3, 0.2 and 0.15, respectively. As shown in Table 5, with the

Fig. 12. The HPR versus the catalyst activity under the optimal parameters of
the Case 4 reactor.

decreasing catalyst activity in the scope of the study, the fixed
HPR can still be obtained by adjusting the optimization variables.
Decreasing the catalyst activity leads to the increasing optimal
inlet temperature of the MS and the RM, meanwhile, it leads to
the decreases of the optimal total MFR and the S/M of the inlet
RM. The methane conversion rate decreases with the decreasing
catalyst activity. Le Chatelier principle indicates that increasing
the MFR of the inlet methane, and the temperature of the inlet RM
and the MS are conductive to produce hydrogen. Therefore, the
S/Ms and the temperatures of the inlet RM, and the temperatures
of the inlet MS reach the maximums, when the catalyst activities
are equal to 0.2 and 0.15. The total EGR is always on the rise
and increases much bigger with the decreasing catalyst activity.
Therefore, it is inferred that as the catalyst activity is further re-
duced, adjusting the operating parameters cannot compensate for
the decreasing HPR attributed to the decreasing catalyst activity.

5. Conclusion

This paper performs the performance optimization of the MS-
SMR reactor by using finite-time thermodynamics and the hybrid
particle swarm optimization, where the minimum total EGR and
the fixed HPR are chosen as the optimization objective and the
constraints, respectively. The effects of the porosity of the CB and
the catalyst activity on the thermodynamic optimization results
are analyzed. Some important conclusions are as follows:

(1) The total EGR of the MS-SMR reactor is reduced by 22.08%
after optimizing the inlet parameters of the molten salt and
reaction mixture.

(2) With the increasing number of optimization variables in
each reactor, the total EGR, and the EGR attributed to the
HT continuously decrease, while the EGR attributed to the
chemical reaction continuously increases. The total EGR of
the MS-SMR reactor is reduced by 22.08% by optimizing the
inlet parameters of the molten salt and reaction mixture.

(3) The equipartition principles of entropy generation and
driving force are verified by the profiles of the local EGR
and driving force in each irreversible process.

(4) Within the scope of the study, increasing the porosity of the
CB leads to the increasing total EGR of the optimal reactor.

(5) Within the scope of the study, adjusting the operating
parameters of the reactor can cope with the decreasing
HPR attributed to the decreasing catalyst activity. However,
the decreasing catalyst activity leads to the increasing total
EGR, and the decreasing methane conversion rate.
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The obtained results are favorable to guide the optimal design
of the practical reactors, and to optimize overall process for
hydrogen production including the MS-SMR reactor in the future
work.
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Appendix A

The molar heat capacity at a constant pressure of each com-
ponent is expressed as follows (Yaws, 1999)

CP, CH4 = 34.942 − 3.9957 × 10−2
· T + 1.9184 × 10−4

· T 2

−1.5303 × 10−7
· T 3

+ 3.9321 × 10−11
· T 4 (A.1)

CP,H2O = 33.933 − 8.4186 × 10−3
· T + 2.9906 × 10−5

· T 2

−1.78250 × 10−8
· T 3

+ 3.6934 × 10−12
· T 4 (A.2)

CP,H2 = 25.399 + 2.0178 × 10−2
· T − 3.8549 × 10−5

· T 2

+3.188 × 10−8
· T 3

− 8.7585 × 10−12
· T 4 (A.3)

CP, CO = 29.556 − 6.5807 × 10−3
· T + 2.0130 × 10−5

· T 2

+3.9968 × 10−9
· T 3

− 2.9872 × 10−13
· T 4 (A.4)

CP, CO2 = 27.437 + 4.2315 × 10−2
· T − 1.9555 × 10−5

· T 2

−1.2227 × 10−8
· T 3

+ 2.2617 × 10−12
· T 4 (A.5)

CP,N2 = 29.342 − 3.5395 × 10−3
· T + 1.0076 × 10−5

· T 2

−4.3116 × 10−9
· T 3

+ 2.5935 × 10−13
· T 4 (A.6)

The reaction enthalpy of each reaction is expresses as fol-
lows (Poling et al., 2001)

∆rHT ,i =

∑
k

(
υk,i∆fHT ,k

)
(A.7)

∆fHT ,k =

∫
Cp, kdT (A.8)

where υk,i and ∆fHT ,k are the stoichiometric number and the
molar formation enthalpy, respectively.

The viscosity of each component is expressed as follows (Yaws,
1999)

µCH4 = 3.844 + 4.011 × 10−1
· T − 1.130 × 10−4

· T 2 (A.9)

µH2O = −36.826+ 4.2900× 10−1
· T − 1.6200× 10−5

· T 2 (A.10)

µH2 = 27.758 + 2.1200 × 10−1
· T − 3.2800 × 10−5

· T 2 (A.11)

µCO = 23.811 + 5.3944 × 10−1
· T − 1.5411 × 10−4

· T 2 (A.12)

µCO2 = 11.811 + 4.980 × 10−1
· T − 1.090 × 10−4

· T 2 (A.13)

µN2 = 42.606 + 4.7500 × 10−1
· T − 9.8800 × 10−5

· T 2 (A.14)

The thermal conductivity of each component is expressed as
follows (Yaws, 1999)

λCH4 = −0.0094+ 1.4030× 10−4
· T + 3.3180× 10−7

· T 2 (A.15)

λH2O = 0.00053 + 4.7093 × 10−5
· T + 4.9551 × 10−8

· T 2 (A.16)

λH2 = 0.03951 + 4.5918 × 10−4
· T − 6.4933 × 10−8

· T 2 (A.17)

λCO = 0.00158 + 8.2511 × 10−5
· T − 1.9081 × 10−8

· T 2 (A.18)

λco2 = −0.012 + 1.0208 × 10−4
· T − 2.2403 × 10−8

· T 2 (A.19)

λN2 = 0.00309 + 7.5930 × 10−5
· T − 1.1014 × 10−8

· T 2 (A.20)

The thermal conductivity of reaction mixture is derived from
Refs. Wesenberg (2006) and Falco et al. (2007):

λRM =

6∑
k=1

xkλk∑6
j=1 xjAk,j

(A.21)

Ak,j = 0.25

⎧⎨⎩1 +

[
µk

µj

(
Mj

Mk

)3/4 T + S⃗k
T + S⃗j

]1/2
⎫⎬⎭

2

T + S⃗k,j
T + S⃗j

(A.22)

where S⃗k = 1.5 · Tb,k, S⃗k,k = S⃗k, S⃗k,j = S⃗j,k, S⃗k,j = 0.735
√
S⃗k · S⃗j,

Tb,k is the boiling temperature of gas except for hydrogen under
standard atmosphere pressure, and Tb,H2 = 79 K.

The viscosity of the MS is written as follows (Zavoico, 2001)

µMS =
[
22.7 − 0.12 (TMS − 273) + 2.2 × 10−4 (TMS − 273)2

−1.4 × 10−7 (TMS − 273)3
]
× 10−3 (A.23)

The molar heat capacity of the MS is written as follows (Za-
voico, 2001)

CP,MS = 127.6508 + 1.57 × 10−2
· TMS (A.24)

The thermal conductivity of the MS is written as follows (Za-
voico, 2001)

λMS = 0.391 + 1.9 × 10−4
× TMS (A.25)

Appendix B

The convective HT coefficient hRo
MS is written as follows

(Gnielinski, 2009)

hRo
MS =

(f /8) (ReMS − 1000) PrTMS
MS

1 + 12.7
√
f /8

(
PrTMS

MS
2/3

− 1
) [1 +

(
DH

L

)2/3
]

×

(
PrTMS

MS

PrTRoMS

)0.01

F
λMS

DH
(B.1)
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f = (1.82 lg ReMS − 1.64)−2 (B.2)

F = 0.86(dHi/dRo)−0.16 (B.3)

where f denotes the Darcy resistance coefficient under turbulent,
F denotes a modified coefficient to the annular heating tube
model, dHi and DH denote the inner and hydraulic diameter of
the annular heating tube, respectively, ReMS denotes the Reynolds
number for the annular tube, and PrTMS

MS and PrTRoMS denote the
Prandtl numbers representing the relative importance between
the momentum exchange and the heat exchange under TMS and
TRo in annular tube, respectively.

The overall HT coefficient for RT hRT is written as follows (Falco
et al., 2007)

hRT =

[
1

hRM
Ri

+
1
6

·
dRo
λB

·
Bi + 3
Bi + 4

]−1

(B.4)

where Bi =
(
hRM
Ri · dRo

)
/(2λC) denotes the Biot number, hRM

Ri
denotes the convective HT coefficient between the RM and the
inner wall of RT, λB is the effective radial thermal conductiv-
ity (De Wasch and Froment, 1972).

λB = λ0
B + 0.111 · λRM ·

ReC · Pr1/3RM

1 + 46 (dC/dRi)
(B.5)

The radial thermal conductivity in the absence of fluid flow in
the CB λ0

B is expressed as follows (Kunii and Smith, 1960)

λ0
B = εB (λRM + 0.95 · σru · dC) +

0.95 (1 − εB)

2/(3λC) + 1/(10λRM + σrs · dC)
(B.6)

where σru and σrs denote the radiant HT coefficients between the
RM and the catalyst particles, and between the catalyst particles
and the catalyst particles (Yagi and Kunii, 1957).

The surface HT coefficient between the catalyst particles and
the RM is expressed as follows (Yagi and Wakao, 1959):

hRM
Ri = 0.2 · GRM · cp,m · Re−0.2

C · Pr−2/3
RM

s.t. 0.05 < dC/dRi < 0.3ReC > 20 (B.7)
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