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Abstract: In order to reduce the production cost of the methane carbon dioxide reforming reac-
tion, and improve its actual production efficiency, in this paper, the optimal working parameters
of the methane carbon dioxide reforming reaction are studied. The influence of different factors on
methane conversion is studied via a single-factor numerical simulation analysis and the response
surface methodology. Firstly, a numerical model of the methane carbon dioxide reforming reac-
tion is established using Ansys Chemkin Pro software to analyze the influence of single factors
(reactor temperature, reaction pressure, gas velocity) on methane conversion rate; secondly, the
response surface model with the methane conversion rate as the response value is established us-
ing the BBD (Box–Behnken design) method; and finally, the order of influence of each variable on
methane conversion and the optimal reaction conditions are determined using the response surface
method. The factors are listed in order of their influence on methane conversion as follows: reactor
temperature > pressure > speed. The results show that when the temperature is 1135.114 K, the
pressure is 0.103 MPa and the speed is 10slpm, the methane conversion rate is 93.7018%. In this paper,
a method is adopted in which chemical reaction process simulation and numerical results prediction
are combined, significantly reducing the simulation time and improving the calculation efficiency
and accuracy, thus being of considerable scientific significance and theoretical value.

Keywords: methane carbon dioxide reforming; chemkin simulation; response surface methodology;
parameter optimization; BBD

1. Introduction

The continuous development of human society is inseparable from the assistance of
industry, with the importance of the iron and steel metallurgy industry being self evident.
However, with the vigorous development of the metallurgical industry, we will be pre-
sented with an increasing number of problems. The most obvious of these are related
to the environment. The earth’s natural environment is the basic resource for human
development. Therefore, protecting the earth’s environment is to protect the future of
mankind. Therefore, we should actively participate in the resolution of environmental
issues. At present, the work in the steel field has achieved its aims of increasing production
capacity and improving efficiency, with coal having been used as the main energy source
and reducing agent [1]. However, the contradiction between the reality of high emissions
and high energy consumption and the green development of the environment has become
increasingly prominent. From the perspective of energy efficiency, the technology for metal-
lurgical processes is close to perfection, and is constantly approaching the limits of carbon
reduction potential. Therefore, it is urgent to find low-carbon and green metallurgical
methods [2].

Processes 2023, 11, 2334. https://doi.org/10.3390/pr11082334 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr11082334
https://doi.org/10.3390/pr11082334
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://doi.org/10.3390/pr11082334
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr11082334?type=check_update&version=1


Processes 2023, 11, 2334 2 of 13

The emergence of hydrogen metallurgy has provided hope for the possibility of realiz-
ing a low-carbon green transformation, upgrading the steel industry [3]. Some studies [4,5]
have reported that the only means by which CO2 emissions can be reduced in ironmaking
is to increase the use of H2. Conversely, H2 reduces iron ore more efficiently than CO,
because H2 has smaller molecules, and is easily permeable to iron ore [6,7]. The rational
use of H2 in ironmaking processes could have a significant impact on reducing energy use
and CO2 emissions. The world’s largest steel-producing nations incorporated this into
their national development strategies at the beginning of the 21st century. Promoting the
transformation from “carbon metallurgy” to “hydrogen metallurgy” is expected to further
accelerate the green, low-carbon transformation, and help achieve the “win–win” situation
of the development of hydrogen energy and the steel industry, and whether hydrogen met-
allurgy can play a key supporting role in achieving carbon neutrality in the steel industry
depends to some extent on whether green hydrogen can be used to obtain a stable and
economically viable supply. However, there are still many significant limitations, especially
in the development of hydrogen production [8]. Almost all hydrogen is produced from
fossil fuels, accounting for the consumption of 6% of global natural gas and 2% of global
coal, and producing 830 million tons of CO2 emissions [9]. Therefore, the production of
green hydrogen through the use of renewable energy is the way of the future.

At the same time, with the development of society and the economy, while there is an
increasing demand for energy, the main source of energy worldwide is still the burning of
fossil fuels, resulting in increased emissions of the greenhouse gas carbon dioxide (CO2),
exacerbating global warming. In order to stop the effect of global warming effect [10],
attention is being turned to limiting the emissions of two greenhouse gases, methane
and carbon dioxide. Therefore, the emergence of reforming methane carbon dioxide into
hydrogen has brought about a new dawn in achieving the green transformation of the iron
and steel metallurgy industry and at the same time curbing global warming. Methane
(CH4) is the simplest hydrocarbon compound, and is widely used and abundant. CH4
in nature is mostly found in natural gas, coal mines and biogas. However, CH4 itself is
chemically stable, and it is difficult to directly convert it into other hydrocarbon compounds.
In contrast, indirect conversion to produce liquid hydrocarbons is more convenient [11].
At the same time, the stability of carbon dioxide itself makes it possible to use carbon
dioxide gas as a reactant in large quantities [12–14]. As a result, attention is turning to
limiting methane and carbon dioxide emissions, and there is a renewed wave of research
on methane carbon dioxide reforming [15–22].

Methane carbon dioxide reforming has the following advantages: simple process flow
and low equipment requirements; easy access to raw materials; and the whole production
process is green and emission free [23]. The conversion rate of raw materials can reach
close to 100%, and the ratio of hydrogen and carbon monoxide in the produced syngas is
1:1, and these can be used directly as raw materials in Fischer–Tropsch synthesis [24,25].
Combined with the current status of industrial development and global environmental
trends, the green and easy availability of the raw materials required for methane carbon
dioxide reforming could not only reduce the world’s carbon emissions, but the syngas
could be also directly used as the feed gases for producing substitutes for oil for use as
fuel [22,26]. These advantages once again confirm the fact that methane carbon dioxide has
great potential for development. Although methane dry reforming has obvious advantages
over other methane indirect conversion methods, methane carbon dioxide reforming also
has disadvantages, and its industrial maturity is still insufficient. The main disadvantage
is that the higher bond energy of the carbon oxygen bond causes carbon dioxide to be
very stable, so higher energy is required to drive the reaction, which determines that the
reaction can only obtain higher hydrogen and carbon monoxide yields at higher reaction
temperatures (usually > 750 ◦C) [19]. This also placed greater requirements on the catalyst
added during the methane carbon dioxide reforming reaction.

The most commonly used catalysts in methane carbon dioxide reforming reactions
are nickel-based catalysts. Although the use of precious metals as catalysts provides better
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catalytic effect (reactant conversion rate, generated yield) and better catalytic performance
(long life, high carbon deposition resistance), their higher price and recovery cost after
the reaction condemn them to the fate of not being used in actual production in the real
world. Therefore, researchers have focused their attention on non-noble metal catalysts.
Nickel-based catalysts can be used, and are the most commonly used catalysts, which is
inseparable from nickel’s strong ability to break carbon hydrogen bonds [27]. However,
nickel-based catalysts are easily inactivated by carbon deposition at high temperatures [28].
Therefore, improving the anti-carbon-deposition ability of nickel-based catalysts is the
main research direction of catalysts for the methane carbon dioxide reforming reaction.
SHAMSUDDIN et al. [29] and LIN et al. [30] found that changing the loading of the active
components on the catalyst could improve the anti-carbon-deposition performance of
the catalyst. SHAMSUDDIN et al. [29] prepared NiO/Talc catalysts with 5%, 10% and
15% loads, respectively. Among them, the 10% NiO/Talc catalyst not only ensured high
dispersion, but also exhibited strong anti-carbon-deposition performance. JING et al. [31]
and JEONG et al. [32] found that adding additives to the catalyst could also improve the
anti-carbon-deposition performance of the catalyst. JING et al. [31] added MgO to the
Ni/SiO2 catalyst and found that the electron density in the catalyst increased, and the
dissociation ability of carbon dioxide was enhanced, thereby improving the anti-carbon-
deposition performance. JEONG et al. [32] added Mg to the Ni/HY catalyst and found
that the dispersion of the active components was improved, alleviating the sintering and
carbon deposition phenomena.

To date, although many scholars have conducted large and detailed studies on the
methane carbon dioxide reforming reaction, these studies have mainly focused on con-
trolling the different variables, and research on methane carbon dioxide reforming has
largely been based on single-factor analysis [33–37]. However, in actual production activi-
ties, there are often a variety of factors that interact, playing their roles at the same time,
rather than a simple single factor that affects the methane conversion rate of the methane
carbon dioxide reforming reaction, and how to control production costs while improving
methane conversion should be considered from a more macro perspective. Therefore,
the Box–Behnken Design (BBD) model [38] was selected, implemented via the response
surface methodology, to analyze the thermodynamic design of the methane carbon dioxide
reforming reaction, and a response surface model was built according to each response
value on the basis of multi-factor coupling analysis; finally, a calculation formula able to
reflect the relationship between the influencing factors and the response value was fitted,
in order to provide a theoretical basis for the optimization of the thermal parameters of
methane carbon dioxide reforming. In this paper, a method is adopted in which chemical
reaction process simulation and numerical result prediction are combined, resulting in a
significantly reduced simulation time and improved calculation efficiency and accuracy,
thus being of considerable scientific significance and theoretical value.

2. Modeling

In this paper, the methane carbon dioxide reforming reaction process was investigated
using Ansys Chemkin Pro [39] software. This software is a numerical simulation program
specially developed by Kee R.J. et al. of Sandia National Laboratory in 1980 for the design
and study of the flow field of chemical reactions, as well as the corresponding gas phase
and surface dynamics, and is characterized by its reasonable structure, good reliability, and
portability. It has also been validated by many researchers for chemical reaction analysis;
therefore, we used Ansys Chemkin Pro in this study to model the methane carbon dioxide
reforming thermochemical process.

2.1. Physical Model

Expressions such as the continuity equation, the momentum conservation equation
and the energy conservation equation are used as reported in [40].
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Methane conversion rate calculation equation:

XCH4 =
CH4in −CH4out

CH4in
× 100 (4)

2.2. Conditions and Numerical Solution Methods

The boundary conditions of the methane carbon dioxide reforming process include
the inlet velocity, the ideal and homogeneously mixed reaction gas, constant the reactor
temperature, and the reactor being a tubular reactor. In this paper, the reaction was
simulated using Ansys Chemkin Pro. Ansys Chemkin Pro was used to combine the gas
phase dynamics data, the thermodynamic database, and to transfer the data to the SPIN
module; then, Newton’s algorithm was used to solve the coupling problem.

2.3. Model Validation

In order to determine the accuracy of the numerical model of the methane carbon
dioxide reforming reaction established in Ansys Chemkin Pro software in this study, we
first compared the model results with the results of the methane carbon dioxide reforming
surface reaction mechanism reported by Delgado et al. [41] in 2015 using a nickel-based
catalyst. The conversion rates of methane and carbon dioxide were calculated at different
temperatures, and the error was compared. Comparisons were performed under the
same reaction conditions, including using the same size of the reactor model. In Figure 1,
the simulation results of this paper are compared with the simulation results found in
the literature. Figure 1a presents a comparison of the simulation results reported in this
paper with the methane conversion rate described in Ref. [41], while Figure 1b presents
a comparison of the simulation results reported in this paper with the carbon dioxide
conversion rate described in Ref. [41].

The calculation parameters were as follows: reactor temperature 800–1200 K, inlet gas
velocity 4 slpm, and reactor pressure 0.1 MPa. The methane conversion rate in this paper is
consistent with the methane conversion trend in the literature, with a maximum error of
7%; therefore, the model described in this paper can be used in future studies.
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Figure 1. Model validation: (a) comparison of the simulation results in this paper with the methane
conversion rate reported in Ref. [41]; (b) comparison of the simulation results in this paper with the
carbon dioxide conversion rate reported in Ref. [41].

3. Results and Discussion
3.1. Single-Factor Simulation Results and Discussion
3.1.1. Influence of Reactor Temperature

Temperature is the most important factor affecting the reaction process in methane
carbon dioxide reforming reactions. The methane carbon dioxide reforming reaction
equation is shown below, and it can be seen that the reaction is a strong endothermic
reaction, and the increase in temperature is conducive to the positive progress of the reaction.

CH4+CO2 → 2CO + 2H2 ∆H298K= 247.3 kJ/mol (5)

Therefore, the conversion rate of methane increases with increasing temperature. The
specific change trend is shown in Figure 2, in which the simulated parameters are as follows:
reactor temperature, 400–1200 K; CH4/CO2, 1; gas flow rate in the reactor, 4 slpm; and
reactor pressure, 0.1 MPa. As shown in Figure 2, the methane conversion rate increases with
increasing temperature, and the increase in conversion rate in the range 800–1000 K is very
significant, but tends to be flat in the range 1000–1200 K. The methane conversion rate of the
methane carbon dioxide reforming reaction below 800 K is low, and when the temperature
reaches 1200 K, the conversion rate reaches close to 100%, at which point increasing the
temperature has little effect on the conversion rate [42]; therefore, the temperature range
used in the subsequent response surface method analysis was 800–1200 K.
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3.1.2. The Effect of Reaction Pressure

Reaction pressure is also one of the important parameters affecting the methane carbon
dioxide reforming reaction. On the basis of Le Chatel’s principle [43], it can be seen that
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when the pressure in the reactor gradually increases, the methane conversion rate of the
methane carbon dioxide reforming reaction will decrease, as shown in Figure 3, where the
simulation parameters are as follows: reactor temperature, 800–1200 K; CH4/CO2, 1; gas
flow rate in the reactor, 4 slpm; and reactor pressure, 0.1–3 MPa. The data in Figure 3 show
that when the pressure is in the range 0.1–0.5 Mpa, the methane conversion rate of the
methane carbon dioxide reforming reaction decreases with increasing pressure, and the
reduction rate is at its highest. In the range 0.5–3 Mpa, the rate of reduction of methane
conversion gradually decreases and finally flattens. This is because with the progression of
the methane carbon dioxide reforming reaction, the amount of gas substances in the reactor
continues to increase. The higher the pressure, the higher the methane content in the outlet
gas, which reduces methane conversion and hydrogen yield, so the pressure parameters
range from 0.1 to 3 MPa.
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3.1.3. Effect of Gas Velocity

Gas velocity is also an important parameter affecting the methane carbon dioxide
reforming reaction. The specific effects are shown in Figure 4, where the simulation
parameters are as follows: reactor temperature, 800–1200 K; CH4/CO2, 1; gas flow rate in
the reactor, 1–10 slpm; and reactor pressure, 0.1 MPa. As can be seen from Figure 4, when
the temperature is 800–1000 K, the speed has a significant effect on methane conversion.
When the temperature is in the range 1100–1200 K, the effect of speed is small. The methane
conversion rate decreases with increasing speed, and when the speed is low, the gas flow
velocity has a greater effect on the methane conversion rate, but when the speed is high,
its influence on methane conversion gradually decreases. This is due to the fact that the
greater the gas flow speed, the shorter the stagnant time of the gas in the reactor and the
less adequate the reaction. The rate at which methane conversion decreases gradually
decreases and eventually flattens out.
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3.2. Response Surface Simulation and Optimization Results
3.2.1. Response Surface Design and Results

Although most scholars start their research on methane carbon dioxide reforming
with a single-factor analysis, single-factor analysis alone cannot solve problems in actual
production or real-world scenarios. Because various factors often interact, playing their
roles at the same time during the experimental stage, simple research on univariate analysis
is far from being sufficient. To better be able to achieve the purpose of reducing production
costs and improving production efficiency, the response surface method was used to
couple the three most important and most influential factors (reaction temperature, reaction
pressure, gas velocity) in methane carbon dioxide reforming in order to determine the
optimal working conditions of methane carbon dioxide reforming.

The response surface method is a method for performing optimization while reducing
the number of experiments required. In this method, the experimental matrix is designed
based on criteria for the number of variables and the maximum and minimum limits set for
each variable. This allows the number of experiments to be determined, as well as the levels
set for each variable in each experiment. This approach facilitates the research process while
reducing the time and cost required [44]. In this paper, the BBD model is employed using
the response surface methodology to optimize the simulation design of the methane carbon
dioxide reforming reaction; the influence of different parameters on the methane conversion
rate is studied, and the optimal working condition parameters are selected by the model
in order to reach the maximum conversion rate under a comprehensive consideration
of the conditions [45]. The effects of temperature (A), pressure (B) and velocity (C) on
methane conversion were studied by means of 17 simulations, as shown in Table 1, while
Table 2 shows the results obtained for the various parameters, and their changes, in the 17
simulations.

Table 1. Simulation design and response surface results.

Analog Serial
Number Temperature/K Pressure Analog Serial

Number
Methane Conversion

Rate/%

1 800 0.1 5.5 30.9112
2 1000 1.55 5.5 49.9
3 1200 0.1 5.5 99.1042
4 800 3 5.5 8.04932
5 1200 3 5.5 80.911
6 1000 1.55 5.5 49.126
7 1000 0.1 10 83.3062
8 1000 3 10 34.5338
9 1000 1.55 5.5 49.151
10 800 1.55 1 16.6561
11 1200 1.55 1 98.8737
12 800 1.55 10 9.0105
13 1200 1.55 10 81.888
14 1000 1.55 5.5 49
15 1000 0.1 1 99.2649
16 1000 3 1 59.0741
17 1000 1.55 5.5 49.961
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Table 2. Variance analysis table of the regression equation.

Source Sum of Squares Degrees of
Freedom

Mean
Squared F-Value p-Value

Mode 80.72 9 8.97 97.22 <0.0001
A 46.54 1 46.54 504.56 <0.0001
B 17.05 1 17.05 184.42 <0.0001
C 7.95 1 7.95 86.14 <0.0001

AB 0.6647 1 0.6647 7.21 0.0313
AC 1.28 1 1.28 13.89 0.0074
BC 1.31 1 1.31 14.23 0.0070
A2 0.0704 1 0.0704 0.7631 0.4133
B2 3.53 1 3.53 38.26 0.0005
C2 2.08 1 2.08 22.57 0.0021

Residuals 0.6457 7 0.0922
Misfit 0.5315 3 0.1772 6.20 0.0551

R2 0.9921
R2

pre 0.9133
R2

adj 0.9819

By fitting the simulation results in the above table using the response surface method,
the regression equation between methane conversion (YCH4 ) and pressure (A), temperature
(B) and velocity (C) can be obtained (1):

YCH4 =
100

1 + α
α (6)

where α is

α = −0.0568 + 2.41×A− 1.46× B− 0.9966×C
−0.4076×AB− 0.5660×AC + 0.5729× BC− 0.1293×A2 + 0.9155× B2 + 0.7032×C2

Typically, ANOVA [46] is used to verify whether the resulting regression equation is
feasible, and to verify the significance of the model. The ANOVA results for the regression
equations are presented in the table below. In statistical analysis, p denotes significance.
When the value range of p is ≤0.0001, the result is very significant; when the value range
of p is 0.0001 < p ≤ 0.05, the result is significant; when the value range of p is >0.05, the
result is insignificant [45,47–49]. It can be seen from the following table that the p value of
the model is 0.0001, indicating that it is very significant, and the correlation coefficient R2

between the predicted value and the measured value is 0.9921, indicating that the model is
able to explain 99.21% of the variation in response, with a low degree of error. At the same
time, the correction coefficient R2

adj and the predicted coefficient R2
pre were both greater

than 0.9 and the difference between the two was lower than 0.2, indicating that the selected
parameters demonstrate a strong correlation with the response value [50].

In order to more intuitively reflect the influence of multiple factors on methane con-
version, the changes in methane conversion under the interaction of three parameters
(temperature, pressure, and speed) are depicted in Figure 5. The overall curved surface
has a shape with the highest corner (the largest methane conversion ratio) and the lowest
corner (the lowest methane conversion ratio). Figure 5a–c show the effect of temperature
and pressure, temperature and velocity, and the interaction between pressure and velocity
on methane conversion, respectively. It can be seen from Figure 5a that with gradually
increasing temperature, the methane conversion rate also increases, and the growth rate
goes from high to low. With increasing pressure, the methane conversion rate decreases,
and the rate of decline changes from high to low. The change in methane conversion with
temperature is more obvious than with pressure, which also indicates that temperature has
a stronger effect on methane conversion than pressure. It can be seen from Figure 5b that the
methane conversion rate decreases with increasing speed, but this is weaker than the trend
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with temperature, indicating that the influence of temperature on methane conversion is
still stronger than the influence of speed. It can be seen from Figure 5c that the methane
conversion rate decreases with increasing pressure and decreases with increasing speed,
but the methane conversion rate decreases more with pressure, so the effect of pressure on
methane conversion rate is significantly higher than the effect of speed on hydrogen yield.
The degree of influence of the three on the methane conversion rate is in the following
order: temperature > pressure > speed. This is also consistent with the results predicted by
the regression equation.
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Figure 5. The influence of the interaction of reactor temperature, pressure, and speed on methane
conversion: (a) effect of reaction temperature and reaction pressure on methane conversion; (b) effect
of reaction temperature and gas velocity on methane conversion rate; (c) effect of reaction pressure
and gas velocity on methane conversion.

3.2.2. Analysis of the Response Surface Results

On the basis of the results in the previous section, it is not difficult to conclude that
temperature, pressure and speed all have a significant effect on the methane carbon dioxide
reforming reaction. When the temperature is lower than 800 K, the methane conversion
rate is low, which is not conducive to the occurrence of methane carbon dioxide reforming
reaction. When the temperature is higher than 1150 K, the high temperature not only
increases the energy consumption of the reaction system, thus increasing the reaction cost,
it also shortens the service life of the catalyst. Therefore, an optimized reaction temperature
between 800 and 1150 K is selected. It can be seen from Lechatel’s principle that the methane
carbon dioxide reforming reaction progresses in the direction of increasing the volume of
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gas substances, and increasing pressure also increases the requirements in terms of reaction
equipment, increased energy consumption and increased costs, so low pressure is more
appropriate for the occurrence of the methane carbon dioxide reforming reaction, and the
optimal pressure is taken to be about 0.1 Mpa. The increase in gas velocity shortens the time
of gas residence in the reactor, and the reaction cannot be fully carried out, which is not
conducive to the positive progress of the methane carbon dioxide reforming reaction, but
too low a speed will not greatly improve the methane conversion rate, and will also reduce
the production efficiency; therefore, an optimal speed value is taken to be 5–15 slpm. In this
paper, the Design Expert software package was used to establish a response model with
methane conversion as the response value, and a desirability method is used to determine
the optimal working conditions [51]. When the working parameters were a temperature of
1135.114 K and a pressure of 0.103 Mpa with a speed of 10 slpm, the desirability of methane
conversion was 1, and the predicted maximum value was 94.61%. Combined with the
optimized working conditions and simulation parameters, the average value of the results
of the three simulations was 93.7018%, and the error was less than 5%, thus proving that
the model accuracy is very high, and the optimized parameters are very feasible [52].

4. Conclusions

Based on the simulation of the methane carbon dioxide reforming reaction in Ansys
Chemkin Pro tubular reactor, in this paper, different parameters (temperature, pressure
and speed) were studied, and the influence of single factors on methane conversion was
analyzed. Then, based on a Box–Behnken surface analysis, a quadratic regression equation
model between univariate analysis and methane conversion was established, and the
working conditions of the methane carbon dioxide reforming reaction were optimized.
After the significance of the model had been ascertained on the basis of an analysis of
variance, the accuracy of the model was found to be high, and the fit was good.

From the one-way analysis of variance and the interaction response surface anal-
ysis, it can be seen that the effects of reaction temperature, reaction pressure and gas
flow velocity on the methane conversion rate of the methane carbon dioxide reforming
reaction are very significant, with their influence in the following order from high to
low: temperature > pressure > velocity. Among them, temperature has a positive effect
on methane conversion, while pressure and speed have a negative impact on methane
conversion. It can be seen from the univariate analysis results in the previous section that
when the reaction temperature is low, the reaction pressure has a greater influence on the
methane conversion rate, but with an increase in the reaction temperature, the influence of
the reaction pressure on the methane conversion rate is gradually weakened. At the same
time, with increasing reaction temperature, the effect of gas velocity on methane conversion
demonstrates a similar performance, but it is clear that the influence of gas velocity is more
considerably weakened.

It can be found from the response surface analysis that when the desirability is 1, the
best working conditions of the methane carbon dioxide reforming reaction are a reaction
temperature of 1073.731 K, a reactor pressure of 0.139 Mpa, and a gas flow speed of
6.862 slpm, where the actual value of the methane conversion rate of the reaction of 95.201%
and the predicted value of 94.146% basically coincide, indicating that the prediction of the
model is highly accurate and can be used for actual prediction.
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