Mechanism Reduction Based on

Simulation Error Minimization

Tibor Nagy and Tamds Turdnyi’
Institute of Chemistry, E6tvos University (ELTE), Budapest, Hungary

Abstract—A new species reduction method called the
Simulation Error Minimization Connectivity Method (SEM-
CM) was developed. According to the SEM-CM algorithm,
a mechanism building procedure is started from the
important species. Strongly connected sets of species,
identified on the basis of the normalized Jacobian, are
added and several consistent mechanisms are produced. The
model is simulated with each of these mechanisms and the
mechanism causing the smallest error (i.e. deviation from
the model that uses the full mechanism), considering the
important species only, is selected. Then, in several steps
other strongly connected sets of species are added, the size
of the mechanism is gradually increased and the procedure
is terminated when the error becomes smaller than the
required threshold. A new method for the elimination of
redundant reactions is also presented, which is called the
Principal Component Analysis of Matrix F with Simulation
Error Minimization (SEM-PCAF). According to this
method, several reduced mechanisms are produced by using
various PCAF-thresholds. The reduced mechanism having
the least CPU time requirement among the ones having
almost the smallest error is selected. Application of SEM-
CM and SEM-PCATF together provides a very efficient way
to eliminate redundant species and reactions from large
mechanisms. The suggested approach was tested on a
mechanism containing 6874 irreversible reactions of 345
species that describes methane partial oxidation to high
conversion. The aim is to accurately reproduce the
concentration—time profiles of 12 major species with less
than 5% error at the conditions of an industrial application.
The reduced mechanism consists of 246 reactions of 47
species and its simulation is 116 times faster than using the
full mechanism. The SEM-CM was found to be more
effective than the classic Connectivity Method, and also than
the DRG, two-stage DRG, DRGASA, basic DRGEP and
extended DRGEP methods.

I. INTRODUCTION

Almost all published detailed reaction mechanisms
contain redundant species and reactions [1]. Elimination
of redundant species and reactions from a large reaction
mechanism allows a significant decrease of simulation
time. Also, other mechanism reduction methods, based for
example on time scale analysis [2-4] or lumping [5] may
be more efficient if the starting mechanism is smaller.
Several reviews have dealt with the problem of
mechanism reduction [1] [6-7].

Frenklach et al. [8] suggested a method for the
elimination of species and reactions from a detailed

mechanism, when the aim was the reproduction of ignition
delay times and temperature profiles. The first general
systematic method for species reduction, which is called
here the Connectivity Method, was suggested by Turdnyi
[9] and since then several other methods have been
published for this task [10-23].

In this paper algorithms Simulation Error Minimization
Connectivity Method (SEM-CM) and Principal
Component Analysis of Matrix F with Simulation Error
Minimization (SEM-PCAF) are described briefly. More
details can be found in our recent article [23].

II. SIMULATION ERROR MINIMIZATION
CONNECTIVITY METHOD (SEM-CM)

A. Definitions

The aim of simulations is to reproduce the
concentration profiles of the important species or to
reproduce some important features. The mechanism
reduction methods select further species to the group of
important species to ensure the good agreement between
the simulation results obtained using the full and the
reduced mechanisms. A complementary set consists of
those species that are not yet selected but would yield at
least one additional selected reaction if these were
introduced to the current group of selected species. Note
that according to this definition, unions of complementary
sets are also complementary sets.

A species is designated a living species if its initial
concentration is non-zero or it has an inflow term (e.g.
non-zero inlet concentration in a PSR) or if it is formed in
chemical reactions. The list of living species depends on
the mechanism and also on the initial (or boundary)
conditions. A mechanism is called consistent, if each of its
species is living at least at one condition.

B. The algorithm

Connection of a complementary set to the group of
currently selected species can be assessed by the
following measure:
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J,j=(ci/fj)(afj/aci) is an element of the
normalized Jacobian.

The Simulation Error Minimization Connectivity
Method (SEM-CM) can be summarized as follows.

where
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Starting from the group of niy, important species,
complementary sets strongly connected to them are added
at each time and the formed reduced mechanisms are
made consistent if necessary. Depth level m means that
the first m complementary sets with the highest Cy values
are considered. The complex model is simulated with each
of these mechanisms and their sets of species with their
errors are stored in a database. The reduced mechanism
that has nj,,+1 species and has the smallest error is
identified in the database, and the previous procedure is
repeated. If no such a mechanism exists, mechanism with
species number niyp+2 Rim+3, etc. is looked for. The
mechanism building is terminated when the simulation
error, using the reduced mechanism, becomes smaller than
a required threshold. This way, a series of consistent
reduced mechanisms are produced, usually with
continuously decreasing error.

While the SEM-CM procedure effectively reduces the
number of species, the reduced mechanisms may still
contain redundant reactions.

III. PRINCIPAL COMPONENT ANALYSIS OF MATRIX F
WITH SIMULATION ERROR MINIMIZATION (SEM-PCAF)

A. The algorithm

The procedure above results in a series of consistent
reduced mechanisms with different number of necessary
species. These mechanisms can be reduced further via the
elimination of the redundant reactions. This may lead to a
reduced mechanism that can be simulated much faster,
while the error of simulation remains essentially the same.

The identification of the redundant reactions is carried
out using the principal component analysis (PCA) of the

normalized rate sensitivity matrix F [24]. This matrix is
defined as F; =(k;/f;)(0f; /ak;) This method has been

encoded as the PCAF option of KINALC [25]. In this
program the user has to suggest one or several thresholds
for the eigenvalues and the eigenvector elements.

Increasing the threshold values of PCAF in small steps
results in the elimination of further reactions, and it causes
small, but non-monotonic changes in the error of
important species. Therefore, it is impossible to find the
optimum threshold values based on a systematic search.
Thus, the PCAF procedure is adapted here in such a way,
that many different thresholds are tried automatically.
Initially, low thresholds for the eigenvalues and
eigenvectors are selected, leading to the elimination of
few reaction steps. Then, both thresholds are changed
independently, resulting in several different, smaller
reduced mechanisms. Each of the obtained reduced
mechanisms is investigated for consistency. If a
mechanism is found not to be consistent, then the
corresponding thresholds are considered to be too high,
and this mechanism is discarded.

B. Optimization for simulation time

Simulations are carried out with all consistent
mechanisms, and the errors and CPU times are recorded.
Many different reduced mechanisms may have an error
that is very close to the smallest error found. However,
these mechanisms may have significantly different
numbers of reactions, thus the required computing times
for the simulations may vary considerably. The aim is to

find the fastest one among all reduced mechanisms having
similarly small errors. Mechanisms having errors not more
than a few percent higher than the smallest error are
investigated further. From all these mechanisms, the one
having the smallest CPU time is accepted as the
recommended reduced mechanism.

IV. EXAMPLE

Anthony Dean and his co-workers developed a large
elementary reaction mechanism [26] in order to describe
the homogeneous gas-phase chemistry in the anode
channel of natural gas fuelled solid-oxide fuel cells
(SOFCs). At the operation of the fuel cell, air is added to
the natural gas to prevent deposit formation. Thus, the
mechanism has to describe the partial oxidation of
methane up to high conversion. The full reaction
mechanism includes 345 species and 6874 irreversible
reactions. This mechanism, due to its large size, cannot be
used in reacting flow models for the optimization of fuel
cell geometry and operating conditions. Our goal was to
produce a reduced mechanism, which reproduces the
simulation results of the original mechanism for all large
concentration species within a few percent of error.

The selected initial parameters were representative for
the SOFC operation, that is temperature and pressure were
chosen to be 900 °C (1173.15 K) and 1 atm (101325 Pa),
respectively. The simulations were carried out at
isothermal and isobaric conditions. The composition of
the initial mixture was 30.0 % v/v methane and 70.0 % v/v
air.

Home-made Fortran codes were developed for the
SEM-CM and SEM-PCAF calculations. Another series of
Fortran codes were produced for the application of the
various DRG and DRGEP methods, including the original
DRG method [15], and also later improvements like linear
time reduction [16], two-stage reduction (restart) [16] and
DRGASA [18]. The applied DRGEP method included as
options scaling and group-based coefficients [21]. The
Connectivity Method was applied using a modified
version of KINALC [25].

SpeCieS CH4, Nz, 02, Hz, Hzo, CHzo, CO, COz, C2H2,
C,H,;, C,Hgs and benzene (CgHg) were considered
important. The mole fraction of these species exceeded
0.001 during the 1000 s simulation time.

Fig. 1 compares the best versions of all investigated
methods. Considering the maximum errors as a function
of the number of species, the classic Connectivity Method
has the worst performance. At 5% required error, it leaves
139 species in the reduced mechanism by eliminating 206
species. DRGEP is usually better than the two-stage DRG
(DRG restart). Using DRGASA, the error is increasing by
eliminating more and more species, and this method
results in a small mechanism of 57 species at 5% error.
SEM-CM using depth level 1 gives a reduced mechanism
of similar size. However, SEM-CM using high depth level
(in this case up to depth level 256) is the best of all these
methods, since it provided a 47-species reduced
mechanism.

In the DRG method, it is generally assumed that the
simulation error decreases monotonically when threshold
€ is lowered, provided that threshold & is small (e.g. less
than 0.2). It is true for the error of flux calculation, but not
for the simulation error of the concentration profiles. Fig.
2 shows that by decreasing epsilon the simulation error



decreases in large steps and also non-monotonically, while
the number of species in the reduced mechanism increases
in a monotonic way. The result is that almost the same
simulation error can be obtained with mechanisms of very
different size using the DRG method. This shows that in
the DRG method several epsilon values should be tried
and the resulting mechanisms should be checked by
simulations.
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Fig. 1. Maximal simulation errors of the mechanisms as function of
species number, obtained by the Connectivity Method (CM), DRG with
restart, the basic DRGEP, DRGAS A-improved results of the DRG-
restart method, and SEM-CM (depth levels 1+4+...4256).
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Fig. 2. Maximal simulation error and the number of species as a
function of epsilon using the original DRG method.

Table I shows the numerical results for the best versions
of the DRG, DRGEP, CM and SEM-CM methods.
DRGEP and CM required about 1 minute CPU time. Both
DGRDASA and SEM-CM (depth level 1) required about
10 minutes. SEM-CM (depth level 14+4+...4256) required
about 10.5 hours on a desktop PC, but provided far the
smallest reduced mechanism of 47 species and 613
irreversible reactions. When SEM-PCAF was applied on
the result of the SEM-CM reduction, the number of
irreversible reactions could be reduced to 297. If the
SEM-PCAF method is applied again on the mechanism
obtained as the result of the combined SEM-CM and

SEM-PCAF methods, then an even smaller mechanism is
obtained, that consists of 246 reactions.

The Table also indicates the speed-up of simulations as
a result of mechanism reduction. SEM-CM (1+4+...+256)
alone gave 58.4 times speed-up, while the increase of
simulation speed is 103 times if the SEM-CM and SEM-
PCAF methods are combined. The simulation of the final
reduced mechanism having 47 species and 246 reactions
is 116 times faster, than that of the initial mechanism of
345 species and 6874 reactions.

TABLE L
PERFORMANCE OF THE MECHANISMS FOR THE REQUIRED 5% MAXIMUM
ERROR WITH THE SMALLEST POSSIBLE NUMBER OF SPECIES THAT CAN BE
ACHIEVED BY EACH METHOD.
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V. DISCUSSION

Previously published methods for species reduction
include the Directed Relation Graph (DRG) method [15-
19], the DRG with Error Propagation (DRGEP) method
[20-21] and the Connectivity Method [9]. These methods
investigate the system of kinetic differential equations (or
the reaction graph, which is an equivalent form) for the
detection of redundant species and reactions in a large
reaction mechanism. The size of the obtained reduced
mechanism is controlled by a threshold, which cannot be
related directly to the error of reduction, that is the
deviation between the simulation results obtained by full
and the reduced mechanisms. A range of reduced
mechanisms can be obtained by systematically changing
this threshold.

In the mechanism reduction approach used in this
paper, several thousands of reduced mechanisms are
produced based on the investigation of the Kkinetic
differential equations. Using the results of simulations, the
best one is selected for a given level of error. This
approach was implemented for the elimination of both the



redundant species (SEM-CM) and the redundant reactions
(SEM-PCAF).

Similar approaches have been published in the
literature. Turdnyi [9] recommended the elimination of all
consuming reactions of each species, one by one, and
considering those species as redundant for which the
simulation results of these reduced mechanisms remained
within an error limit for the important species and/or
important reaction features. This method could not predict
the effect of the simultaneous elimination of species
groups. Petzold and Zhu [11] generated reduced
mechanisms using a nonlinear integer programming
approach. The simulation error was calculated and used
for the optimization process. The method worked well for
few-step mechanisms, but for large mechanisms it was
applicable only with many extensions and human
decisions, like grouping of the reactions and pre-selection
of the most important reactions.

DRGASA [18] also has a similar reduction philosophy.
Like in the Simulation Error Minimization Connectivity
Method used in this paper, another method (DRG) is used
as a guideline, reduced mechanisms are produced, and the
final reduced mechanism is selected on the basis of the

REFERENCES

[11 A.S. Tomlin, T. Turdnyi, and M. J. Pilling, “Mathematical tools
for the construction, investigation and reduction of combustion
mechanisms,” in Low temperature combustion and autoignition,
Amsterdam, Elsevier, 1997, pp. 293-437.

[2] U. Maas and S. Pope, “Simplifying chemical kinetics - intrinsic
low-dimensional manifolds in composition space,” Combust.
Flame, vol. 88, pp. 239-264, March 1992.

[3] T. Turdnyi, A. S. Tomlin, and M. J. Pilling, “On the error of the
quasi-steady-state approximation,” J. Phys. Chem., vol. 97, pp.
163-172, January 1993.

[4] S. Lam and D. Goussis, “The CSP method for simplifying
kinetics,” Int. J. Chem. Kinet., vol. 26, pp. 461-486, April 1994.

[5] H. Huang, M. Fairweather, J. F. Griffiths, A. S. Tomlin, and R. B.
Brad, “A systematic lumping approach for the reduction of
comprehensive kinetic models,” Proc. Combust. Inst., vol. 30, pp.
1309-1316, 2005.

[6] M. S. Okino and M. L. Mavrovouniotis, “Simplification of
mathematical models of chemical reaction systems,” Chem. Rev.,
vol. 98, pp. 391-408, March 1998.

[71 C. K. Law, “Combustion at a crossroads: Status and prospects,”
Proc. Combust Inst., vol. 31, pp. 1-29, 2007.

[8] M. Frenklach, K. Kailasanath, and E. S. Oran, “Systematic
development of reduced reaction mechanisms for dynamic
modeling,” Progress in Astronautics and Aeronautics, vol. 105,
pp- 365-376, 1986.

[9] T. Turdnyi, “Reduction of large reaction mechanisms,” New J.
Chem., vol. 14, pp. 795-803, 1990.

[10] H. Wang and M. Frenklach, “Detailed Reduction of Reaction
Mechanisms for Flame Modeling,” Combust. Flame, vol. 87, pp.
365-370, 1991.

[11] L. Petzold and W. J. Zhu, “Model reduction for chemical kinetics:
an optimization approach,” AICHE Journal, vol. 45, pp. 869-886,
April 1999.

[12] H. S. Soyhan, F. Mauss, and C. Sorusbay, “Chemical kinetic
modeling of combustion in internal combustion engines using
reduced chemistry,” Combust. Sci. Tech., vol. 174, pp. 73-91,
November 2002.

[13] J. Luche, M. Reuillon, J.-C. Boettner, and M. Cathonnet,
“Reduction of large detailed kinetic mechanisms: application to
kerosene/air combustion,” Combust. Sci. Tech., vol. 176, pp.
1935-1963, 2004.

simulation results. This is the reason why DRGASA
performs much better than the other DRG-based methods.

According to the Simulation Error Minimization
Connectivity Method (SEM-CM), a mechanism building
procedure is initiated by creating a small consistent
mechanism comprising the important species and their
reactions with other species, extracted from the full
mechanism on the basis of the normalized Jacobian.

According to the PCAF method with Simulation Error
Minimization (SEM-PCAF), several consistent reduced
mechanisms are produced using the PCAF method [24]
with various thresholds; then simulations are carried out
with all the candidate mechanisms. The reduced
mechanism having the least CPU time requirement is
selected from the ones related to small errors of reduction.
Application of the SEM-PCAF method after the SEM-CM
halved the number of reactions and almost doubled the
simulation speed.

The suggested mechanism reduction methods were
programmed in Fortran 90 and made fully automatic, thus
these are readily applicable for the reduction of other
reaction mechanisms. The code is available from our Web
site [25].

[14] M. Valorani, F. Creta, D. Goussis, J. Lee, and H. Najm, “An
automatic procedure for the simplification of chemical kinetic
mechanisms based on CSP,” Combust. Flame, vol. 146, pp. 29—
51, 2006.

[15] T. Lu and C. K. Law, “A directed relation graph method for
mechanism reduction”, Proc. Comb. Inst., vol. 30, pp. 1333-1341,
2005.

[16] T. Lu and C. Law, “Linear time reduction of large Kkinetic
mechanisms with directed relation graph: n-heptane and iso-
octane,” Combust. Flame, vol. 144, pp. 24-36, January 2006.

[17] T. Lu and C. Law, “On the applicability of directed relation graphs
to the reduction of reaction mechanisms,” Combust. Flame, vol.
146, pp. 472-483, August 2006.

[18] X.L.Zheng, T. F. Lu, and C. K. Law, “Experimental counterflow
ignition temperatures and reaction mechanisms of 1,3-butadiene,”
Proc. Combust. Inst., vol. 31, pp. 367-375, 2007.

[19] T. Lu and C. Law, “Strategies for mechanism reduction for large
hydrocarbons: n-heptane,” Combust. Flame, vol. 154, pp. 153—
163, 2008.

[20] P. Pepiot and H. Pitsch, “Systematic Reduction of Large Chemical
Mechanisms,” 4th Joint Meeting of the U.S. Sections of the
Combustion Institute, Philadelphia, PA, 2005

[21] P. Pepiot-Desjardins and H. Pitsch, “An efficient error-
propagation-based reduction method for large chemical kinetic
mechanisms,” Combust. Flame, vol. 154, pp. 67-81, 2008.

[22] 1. Gy. Zsély and T. Turdnyi, “The influence of thermal coupling
and diffusion on the importance of reactions: The case study of
hydrogen—air combustion,” PCCP, vol. 5, pp. 3622-3631, 2003.

[23] T. Nagy and T. Turdnyi, “Reduction of very large reaction
mechanisms using methods based on simulation error
minimization,” Combust. Flame, vol. 156, pp. 417-428, February
2009.

[24] T. Turdnyi, T. Bérces, and S. Vajda, “Reaction rate analysis of
complex kinetics systems,” Int. J. Chem. Kinet., vol. 21, pp. 83—
99, 1989.

[25] http://garfield.chem.elte.hu/Combustion/Combustion.html

[26] G. Gupta, E. S. Hecht, H. Zhu, A. M. Dean, and R. J. Kee, “Gas-
phase reactions of methane and natural gas with air and steam in
non-catalytic regions of a solid-oxide fuel cell”, Journal of Power
Sources , vol. 156, pp. 434447, 2006.



