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Comparison of the Metaheuristic Algorithms for Determining Optimal Arrhenius
Coefficients in the Reduction of a Two-Step Methane Combustion Kinetic Mechanism
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ABSTRACT: One of the significant challenges in simulating combustion processes is the accurate
determination of the kinetic coefficients of the Arrhenius equation, as these coefficients directly affect
the accuracy of reaction rate predictions. In this study, four metaheuristic algorithms, including the
Genetic Algorithm, Grey Wolf Optimizer, hybrid Genetic—Particle Swarm Optimization algorithm, and
Whale Optimization Algorithm, were employed to optimize the coefficients of the Arrhenius equation.
To evaluate the performance of these algorithms, the reduction of a two-step methane combustion
mechanism to a single-step mechanism was selected as a case study. The novelty of this study lies
in the comparative and simultaneous evaluation of the performance of the aforementioned algorithms
and the determination of the most suitable method based on two criteria: root mean square error and
computational time. The results showed that the Whale Optimization Algorithm, with a root mean square
error of 0.03325, achieved the highest accuracy in determining the Arrhenius coefficients, whereas
the Grey Wolf Optimizer, with a computational time of 1.89 s, demonstrated the fastest performance.
This comparison enables the selection of an appropriate algorithm based on the required accuracy and
computational speed. The results indicate that, in addition to its application in reducing the methane
combustion mechanism, the proposed approach can also be applied to determine Arrhenius coefficients
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for other chemical reactions.

1- Introduction

Combustion modeling plays a key role in the design
and analysis of thermal systems such as gas turbines and
internal combustion engines, where accurate prediction of
chemical reaction rates is essential for improving efficiency
and reducing pollutant emissions [1]. For methane oxidation,
global Arrhenius-type mechanisms are still widely used
because they provide acceptable predictive capability at a
much lower computational cost than detailed chemistry [2,3].

However, selecting appropriate Arrhenius parameters for
a reduced single-step mechanism remains a challenging task,
especially when the reduced model is expected to reproduce
the behavior of a more detailed multi-step mechanism.
In recent years, metaheuristic optimization methods have
provided an efficient route for estimating such parameters
[4]. In this work, four algorithms, including GA, WOA,
GWO, and hybrid GA-PSO [5-7], were compared in terms of
both prediction accuracy and computational runtime.

2- Methodology
The objective of the present methodology is to determine

*Corresponding author’s email: pouransari@iust.ac.ir

a set of global Arrhenius parameters for a reduced single-
step methane oxidation model capable of reproducing the
behavior of the reference two-step mechanism. The reduced
model is based on the following overall reaction [2]:

CH, +20, — CO, +2H,0 (1)

The reaction rate is expressed as [1]:

d[ifh] _ Ae—EU/(RT)[CHA]a[OZ]b )

In this expression, A , a, b, and E, are the unknown kinetic
parameters to be optimized. To estimate these parameters, the
reaction rates predicted by the reduced model were compared
with the reference values reconstructed from the experimental
methane oxidation data reported by Dryer and Glassman
[8]. The optimization problem was therefore defined by
minimizing the Root Mean Square Error (RMSE):
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1 N
RMSE = \/N > (RR,,,~RR,.,.) (3)
i=1

where R, and R . denote the reference and predicted
reaction rates, respectively, and N is the number of data
points. For a fair comparison, GA, WOA, GWO, and hybrid
GA-PSO were all implemented within the same parameter
bounds and under the same stopping criterion of 2000
iterations. Each algorithm was executed in 40 independent
runs, and the resulting solutions were evaluated in terms of
both prediction accuracy and computational runtime.

3- Results and Discussion

The performance of the investigated algorithms was
evaluated from two perspectives: prediction accuracy and
computational runtime. First, the error-based approach was
used to compare the ability of the reduced single-step model
to reproduce the reference methane reaction-rate profile.
Figure 1 illustrates the reaction-rate distributions obtained
by GA, WOA, GWO, and hybrid GA-PSO along the axial
distance.

Figure 1 illustrates the methane reaction-rate profiles
along the axial distance for the reference data and the values
predicted by the investigated algorithms. It can be seen that,
in the initial region between 40 and 60 and also in the final
region at distances greater than 100, the Genetic Algorithm
deviates noticeably from the reference data, while the other
methods show better agreement. In the intermediate interval
from 60 to 80, all algorithms successfully capture the rapid
increase in the reaction rate. Nevertheless, in the range of 80 to
100, which corresponds to the maximum reaction-rate region,
all methods tend to overpredict the results and thus introduce
some error. The decrease in reaction rate at larger distances
is related to fuel depletion, which is also reproduced by the
reduced models. For a more precise quantitative comparison,
Table 1 summarizes the recommended algorithms and the
corresponding optimal Arrhenius parameters under the
accuracy-based and runtime-based criteria.

As reported in Table 1, WOA is selected as the preferred
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Fig. 1. Comparison of the methane reaction rate as a

function of axial distance based on the runtime ap-

proach for the (a) Genetic, (b) Whale, (¢c) Grey Wolf,

and (d) hybrid Genetic—Particle Swarm Optimization

algorithms. The blue points represent the experimental

data, while the red dashed lines indicate the values pre-
dicted by the models.

method under the accuracy-based approach because it yields
the minimum RMSE of 0.03325. This result is consistent
with Figure 1, where WOA follows the reference profile more
closely than the other methods. In contrast, GWO is selected
under the runtime-based approach because it requires only
1.89 s to complete the optimization, while still maintaining
competitive agreement with the reference data. It is also worth
noting that hybrid GA-PSO, although not selected as the best
method under either of the two main criteria, produced the
lowest standard deviation among the investigated methods
and therefore showed the best repeatability. The results
demonstrate that the final choice of algorithm depends on the
practical objective of the simulation: WOA is more suitable
when accuracy is prioritized, whereas GWO is more suitable
when fast optimization is required.

Table 1. Summary of the recommended algorithms and optimal Arrhenius parameters under the two
evaluation criteria.

Recommended

Criterion . Main indicator Ao a b -E/R
algorithm
Accuracy-based approach WOA RMSE= 0.03325 e2%0  0.1754 1.1394 3541.65
Runtime-based approach GWO Run time=1.89 s e 0-3701 0.1758 1.0218 1037.4186
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4- Conclusion

The main conclusions of this study are summarized as
follows:

From the accuracy point of view, WOA achieved the
best prediction performance with the minimum RMSE of
0.03325, whereas GA showed the weakest performance
with an RMSE of 0.03876. In terms of repeatability, hybrid
GA-PSO exhibited the lowest standard deviation among the
investigated methods.

From the computational-cost point of view, GWO
exhibited the fastest runtime of 1.89 s, while hybrid GA-PSO
required the longest runtime of 25.57 s.

When maximum accuracy is the main objective, WOA
is recommended, yielding the optimal parameters A = exp(-
2.5590),a=10.1754, b =1.1394, and -E./R = 3541.65.

When computational speed is more important than
minimum error, GWO is the more suitable choice,

yielding A = exp(-0.5701), a = 0.1758, b = 1.0218, and
-EJ/R =1037.4186.
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Fig. 1. Temperature (T) profile and mole fractions (M) of the species as a function of the axial distance (D).
The blue star, purple triangle, green square, and orange dashed line symbols represent temperature, CO,,
CO, and CH_, respectively, reproduced based on the data reported in reference [19].
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Fig. 2. Comparison of the methane reaction rate as a function of axial distance based on the error-based ap-

proach for the (a) Genetic, (b) Whale, (¢) Grey Wolf, and (d) hybrid Genetic—Particle Swarm Optimization

algorithms. The blue points represent the experimental data, while the red dashed lines indicate the values
predicted by the models.
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Table 3. Optimized Arrhenius coefficients and error values obtained using the Whale, Genetic, Grey Wolf, and
hybrid Genetic—Particle Swarm Optimization algorithms.
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Fig. 3. Convergence trends of the (a) Genetic, (b) Whale, (¢) Grey Wolf, and (d) hybrid Genetic—Particle
Swarm Optimization algorithms based on the variation of the root mean square error with the number of
iterations.
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Fig. 4. Comparison of the methane reaction rate as a function of axial distance based on the runtime ap-
proach for the (a) Genetic, (b) Whale, (c) Grey Wolf, and (d) hybrid Genetic—Particle Swarm Optimization
algorithms. The blue points represent the experimental data, while the red dashed lines indicate the values

W13 a3l - Sl S 55 9 S S B S5 (S (Sigd Glanks 5V 5 Jols (12l Gl 9 eyl Mk Gl P Jgo

Table 4. Optimized Arrhenius coefficients and run time obtained using the Whale, Genetic, Grey Wolf, and
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