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ABSTRACT: The Spectral Quasi-Equilibrium Manifold (SQEM) method is a model
reduction technique for chemical kinetics based on entropy maximization under
constraints built by the slowest eigenvectors at equilibrium. The method is revisited
here and discussed and validated through the Michaelis−Menten kinetic scheme, and
the quality of the reduction is related to the temporal evolution and the gap between
eigenvalues. SQEM is then applied to detailed reaction mechanisms for the
homogeneous combustion of hydrogen, syngas, and methane mixtures with air in
adiabatic constant pressure reactors. The system states computed using SQEM are
compared with those obtained by direct integration of the detailed mechanism, and
good agreement between the reduced and the detailed descriptions is demonstrated.
The SQEM reduced model of hydrogen/air combustion is also compared with
another similar technique, the Rate-Controlled Constrained-Equilibrium (RCCE).
For the same number of representative variables, SQEM is found to provide a more
accurate description.

1. INTRODUCTION

The macroscopic evolution of complex systems derived from
physical and chemical kinetics usually involves variables
evolving over a large range of timescales. The disparity of
timescales introduces stiffness in the governing equations, and
the geometrical structure of the relaxation in the phase space is
characterized by trajectories that are rapidly attracted to a
hierarchy of submanifolds of lower dimension, and sub-
sequently approach the equilibrium along the Slow Invariant
Manifold (SIM).1 The SIM can be considered as a reliable
reduced model of the multiscale dynamics which retains the
essential features of the full system with a smaller number of
variables and reduced stiffness.
Many different approaches have been proposed for the

construction of low-dimensional manifolds for chemical
kinetics as described in refs 2−7 and the references therein.
In addition to methods that exploit directly the timescale
separation, reduction approaches have been developed that are
based on thermodynamic functions. Entropy and entropy
production are two classical well-studied thermodynamic
functions, which can be more informative than the original
system dynamics. Entropy can be considered as a Lyapunov
function of a closed system and can provide a bridge between
thermodynamics and dynamical system analysis. For example,
trajectories with minimal entropy production have been
considered as candidates for one-dimensional slow manifolds
along which the relaxation toward equilibrium mostly
proceeds.8 A one-dimensional slow manifold can be approxi-
mated by trajectories of maximal relaxation of the “chemical
forces”.9

Due to timescale disparity, after an initial transient the
system dynamics evolves in the vicinity of quasi-equilibrium
states (QES), where the entropy is maximized under certain
constraints.10 In chemical kinetics, the Rate-Controlled Con-

strained-Equilibrium (RCCE) method11−15 is a quasi-equili-
brium based approach which uses the maximum entropy
principle and assumes that (i) slow reactions impose
constraints on the system evolution, which correspond to
slow relaxation toward equilibrium, and (ii) fast reactions
equilibrate the system. The system relaxes toward equilibrium
through a sequence of constrained-equilibrium states which
belong to the Quasi-Equilibrium Manifold (QEM) at a rate
controlled by the slowly changing constraints.2,10

Originally, chemical intuition guided by numerical simu-
lations was used for the selection of the RCCE constraints,12

requiring good understanding of the detailed chemical kinetics
for finding the class of slow and fast reactions. Other studies
tried to determine the species which must be retained in the
reduced model based on timescale analysis (e.g Level of
Importance16), generalizing the parametrization of the RCCE
manifold for any comprehensive reaction mechanism.
The majority of fast timescales are exhausted around the

equilibrium point; therefore, a low-dimensional SIM is limited
around that state. To cover the entire admissible space with a
uniform reduced model, one should find a way to extend the
manifold. The quasi-equilibrium manifold has been proposed in
the literature for species reconstruction (manifold extension)
for states far from equilibrium and for determining the manifold
boundaries.17,18

The spectral quasi-equilibrium manifold (SQEM) uses the
left eigenvectors of the Jacobian at equilibrium corresponding
to the smallest in absolute value eigenvalues (slowest
directions) to construct QEMs. The SQEM has previously
been employed only as an initial manifold which was
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subsequently refined iteratively toward the SIM.3,19,20 In this
paper, we investigate the potential of the left eigenvectors of the
Jacobian at equilibrium employed by the SQEM as a general
way to define the quasi-equilibrium constraints without
resorting to intuition or detailed understanding of the dynamics
under consideration.
The method is first validated using the two-dimensional

Michaelis−Menten kinetic scheme, where the quality of the
reduction is assessed and related to the temporal evolution and
the gap in the spectra of eigenvalues. In addition to simple
enzyme kinetics, the potential of the method is explored for
detailed combustion mechanisms. The temporal evolution of
temperature and the species concentrations deduced from
reduced and detailed models are used as indicators of the
quality of reduction, showing the potential of SQEM for the
reconstruction of species concentrations and temperature
profiles. The comparison with the classical RCCE constraints
shows that the spectral constraints provide a significantly
simpler reduced model which at the considered conditions is in
better agreement with the detailed description.
The paper is organized as follows. Reaction kinetics and the

SQEM construction formalism as well as an introductory
example are presented in Section 2. Validation of the method
for realistic fuels follows in Section 3, where the SQEM reduced
model is used for the oxidation of hydrogen, syngas, and
methane by air in adiabatic isobaric reactors. The main findings
are summarized in Section 4.

2. SQEM CONSTRUCTION FOR CHEMICAL KINETICS
2.1. Chemical kinetics. Consider a homogeneous mixture

of ideal gases consisting of ns species and ne elements at
constant pressure p. The molar composition is represented by
the vector N = (N1, N2, ..., Nns)

T containing the number of
moles of the species, and the change in chemical composition is
due to a usually complex reaction mechanism represented by r
reversible reactions
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Here, νik′ and νik″ are the stoichiometric coefficients of species i
in reaction k for the reactants and products, respectively. The
rate of progress of reaction k is
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where [Xi] denotes the molar concentration of species i and kfk
and krk are the forward and reverse rate constants.
Using the reactor volume  and the rate of progress of

reaction k, qk, the change in the mole number of species in a
spatially homogeneous batch reactor i reads

∑ ν ν= = ″ − ′ =
=


dN
dt

f N q i n( ) ( ) , 1, ...,i
i

k

r

ik ik k s
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The ne elemental conservation constraints can be expressed in
terms of an ne × ns elemental constraints matrix E

ξ=EN e
(4)

where the elements of the E matrix, Eji, denote the number of
atoms of element j in species i. In closed reactive systems, the
elemental mole numbers must be conserved. Hence, EN = ξe is
fixed upon choosing the fresh mixture, i.e. defining ξe.

2.2. Equilibrium and quasi-equilibrium. The equili-
brium composition, Neq, is the constrained minimum of the
thermodynamic potential G(N,p,T)

ξ=

G p TN

EN

min ( , , )

s. t. e
(5)

In addition to the elemental conservation constraints (eq 4),
the quasi-equilibrium manifold (QEM) imposes nd additional
linear constraints which are regarded as slow macroscopic
variables ξd

ξ=B Nd d (6)

Here Bd is an nd × ns matrix with rows obtained from the
coefficients of the linear combinations of the number of moles
providing the nd slow parameters ξd. Thus, the total number of
constraints in the minimization problem for the quasi-
equilibrium amounts to nc = ne + nd, and the quasi-equilibrium
states which belong to the quasi-equilibrium manifold NQEM(ξ)
are obtained by solving the following minimization problem

ξ=

G p TN

BN

min ( , , )

s. t. (7)

with B = [E;Bd] the nc × ns constraint matrix and ξ = [ξe;ξd] the
column vector of constraints with nc elements; [;] denotes
vertical concatenation. The ns-dimensional state N can then be
parametrized by the nc variables ξ. The general form of the
constraint matrix Bd reads,

= ⋮
⎡

⎣
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where vi is a ns-dimensional vector defining the ith constraint. It
should be noted that the quality of the QEM reduced model
depends critically on choosing a good set of constraints.
In the RCCE method, one of the popular realizations of

QEM, the constraint vectors vi correspond to slow reactions
controlling the evolution of the chemical composition (for
example, three-body dissociation/recombination reactions are
imposing slowly varying time-dependent constraints on the
total number of moles (TM)14). Timescale-based tools have
also been used to identify RCCE constraints. Species associated
with short timescales can be identified either by the
Computational Singular Perturbation radical pointer21 or by
the combined lifetime/sensitivity analysis of the Level of
Importance method16 and ordered in a list according to their
fast/slow nature. Usually, the vi vectors are chosen to point to
individual species from the sorted list (i.e., all components of
the vi vector are zero except the one pointing to the chosen
species). Slow species are added to the constraints until the
comparison between the detailed solution and RCCE manifold
shows the desired agreement. Due to the particular form of
constraints, RCCE can be formulated as a differential-algebraic
problem and has been applied to homogeneous reactors (e.g.,
refs 13 and 14) and laminar flames.16,21

2.3. Spectral quasi-equilibrium manifold. Chiavazzo et
al.3 proposed a different proposed a different set of constraints
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for the construction of the pertinent quasi-equilibrium based on
the left eigenvectors of the Jacobian system at equilibrium

=
∂
∂

=

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥J

f

Nij
eq i

j N Neq (9)

In this paper, we explore the use of vslow
eq , the left eigenvectors of

the Jacobian matrix corresponding to the slowest (nonzero)
eigenvalues, as the vectors defining the direction of the slow
processes and leading to relaxation toward the final state. In
other words, the rows of Bd in eq 8 are the nd slowest left
eigenvectors at equilibrium, excluding the ne eigenvectors of the
zero eigenvalues for elemental conservation. The construction
of SQEM is local, meaning that as long as the left eigenvectors
at the equilibrium are known, the manifold can be constructed
at any point of interest in the phase space. Hence, instead of
constructing and tabulating the manifold, the subsequent states
of detailed models can be compared with the evolution of the
Spectral Quasi-Equilibrium States (SQEs). Before considering
the application to detailed combustion mechanisms, the
method is illustrated with a simple example.
2.3.1. Reversible Michaelis−Menten mechanism. The

Michaelis−Menten (more accurately the Henri−Michaelis−
Menten) mechanism is a two-step enzymatic reaction where
enzyme E binds to a substrate S to form the intermediate
complex ES, which is then converted into the product P,
releasing enzyme E.22 Here, we consider that both reactions are
reversible

+ ⇌ +H IooS E ES E P
k

k

k

k

r

f

r1

1

2

cat

(10)

with the rate constants for the forward and reverse reactions
denoted as kf1, kcat and kr1, kr2. The temporal evolution of the
molar species concentrations [Xi] is then described by the
system of differential equations

= − +d
dt

k k
[S]

[S][E] [ES]f r1 1 (11a)

= − + + −d
dt

k k k k
[E]

[S][E] [ES] [ES] [E][P]f r r1 1 cat 2

(11b)

= − − +d
dt

k k k k
[ES]

[S][E] [ES] [ES] [E][P]f r r1 1 cat 2

(11c)

= −d
dt

k k
[P]

[ES] [E][P]rcat 2 (11d)

Due to its simplicity, the model continues to be the focus of
numerous studies23 and a prototypical problem for model
reduction. In the absence of an analytic solution, two
approaches, the quasi-equilibrium approximation and the
steady-state assumption, have been extensively used in the
literature to find an expression for the rate of the catalytic
step.24,25 The Michaelis−Menten equilibrium analysis is valid if
the substrate reaches equilibrium on a much faster timescale
than the product is formed22

≪
k
k

1
r

cat

1 (12)

The geometric picture of the phase space evolution can be
found in refs 26−28, and a comprehensive study of the slow

manifold for the Michaelis−Menten mechanism is presented in
ref 29.
The system in eq 11 is constrained by two constants for the

total enzyme and total substrate concentrations

ξ+ =[E] [ES] e
1 (13a)

ξ+ + =[S] [ES] [P] e
2 (13b)

which can be recast in the form of eq 4 with

=
⎡
⎣⎢

⎤
⎦⎥E

0 1 1 0
1 0 1 1

for the concentration vector N = ([S], [E], [ES], [P])T. The
nonlinear system (eq 11) is therefore effectively two-dimen-
sional. The phase portraits for ξ1

e = 1.0, kcat = 1.0, and k1f = k1r =
1 (Figure 1(a)), k1f = k1r = 10 (Figure 1(b)), and k1f = k1r = 100
(Figure 1(c)) are given, where the positive semiorbits for
different initial conditions are projected on the two-dimensional
[S] × [ES] plane. It can be seen that, after short transients,
trajectories starting from initial conditions that respect the
constraints in eq 13 (dashed lines) are attracted to a slow one-
dimensional manifold (thick solid line) and then relax toward
the equilibrium point. The slow manifold in Figure 1 is found
patch-wise by local integration of the detailed system. For the
trajectory initialized with [ES]0 = [P]0 = 0 and [S]0 = 1.0,
discrete time instants are marked for all cases to indicate the

evolution time: a decrease in the k
kr

cat

1
ratio results in faster

attraction to the one-dimensional manifold and faster approach
of the equilibrium.
Using the rapid equilibrium assumption,22 the system of

ODEs (eq 11a) and (eq 11b) can be integrated in time while
the concentration of [ES] can be found by

=
+k k

[ES]
[E] [S]
/ [S]r f

0

1 1

The product concentration can be computed from the [S] +
[ES] + [P] = ξ2

e constraint.
Gorban and Shahzad30 have shown that G = −Σi = 1

4 [Xi]{ln-
Xi]/[Xi]

eq) − 1} is a Lyapunov function for this mechanism.
This functional form has been shown to be a Lyapunov
function for homogeneous chemical reaction systems, regard-
less of whether or not the detailed balance holds at the
stationary state.31

As discussed in section 2.2, the spectral quasi-equilibrium
states for the ODE system (eq 11) can be found by solving the
convex optimization problem (eq 7). In this case the constraint
matrix is one-dimensional, and it is taken to be equal to the
slowest left eigenvector at equilibrium, [Bd]1×4 = vslow, so that
the 3 × 4 constraint matrix becomes [B] = [E;Bd]. For the
trajectories starting at [ES]0 = [P]0 = 0 and [S]0 = [E]0 = 1.0,
the SQESs are compared with the detailed solutions and the
rapid equilibrium assumption results in Figures 2, 3, and 4. The
evolution of the eigenvalues, λ, along the trajectory is also
plotted.
For k1f = k1r = kcat = 1.0 and kr2 = 10−5, the slowest left

eigenvector at equilibrium is [Bd] = [0.8507,0,0.5257,0] and
there is a good agreement between the detailed and reduced
systems for the time evolution of the substrate and product
(Figure 2(a)) for t ≳ 5. Far from equilibrium, the SQEM
strongly under- or overpredicts the concentrations of [E] and
[ES]. The rapid equilibrium results are mostly far away from
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Figure 1. Phase portrait in the [S] × [ES] space for the Michaelis−
Menten mechanism with ξ1

e = 1.0, kcat = 1.0, and kr2 = 10−5: (a) k1f =
k1r = 1, (b) k1f = k1r = 10, (c) k1f = k1r = 100> Dashed line: sample
trajectories; solid line: slow manifold; circles mark discrete times for
selected trajectories.

Figure 2. Sample semiorbit for k1f = k1r = kcat = 1.0 and kr2 = 10−5. (a)
Comparison between the profiles of species concentrations computed
using the detailed (solid lines), the reduced SQEM description
(symbols), and the rapid equilibrium assumption (dashed lines); (b)
the evolution of the eigenvalues λ of the system.

Figure 3. Sample semiorbit for k1f = k1r = 10, kcat = 1.0, and kr2 = 10−5.
(a) Comparison between the profiles of species concentrations
computed using the detailed (solid lines), the reduced SQEM
description (symbols), and the rapid equilibrium assumption (dashed
lines); (b) the evolution of the eigenvalues λ of the system.
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the detailed solution due to the narrow gap between timescales;
at equilibrium, the eigenvalue ratio λf/λs ≃ (−2.618)/(−0.382)
= 6.85 is less than one order of magnitude (Figure 2(b)).
The gap between slow and fast processes increases with

decreasing ratio k
kr

cat

1
, leading to better approximation of the

detailed kinetics by the reduced models (Figure 3(a)). For

= 0.1k
kr

cat

1
the spectral gap at equilibrium and the slow

constraint are λf/λs ≃ 42.0762 (Figure 3(b)) and [Bd] =
[0.7246,0,0.6892,0]. The evolution obtained with the reduced
description for the [E] and [ES] concentrations is in better
agreement with the detailed evolution with respect to the

= 1k
kr

cat

1
case, and the SQEM trajectory approaches the detailed

one much earlier.

For = 0.01k
kr

cat

1
, the agreement between the detailed and

reduced formulations for all species is excellent during the
whole temporal evolution (Figure 4(a)). The constraint in this
case is [Bd] = [0.7089,0,0.7053,0] and the spectral gap is more
than two orders of magnitude, λf/λs ≃ 401.96, resulting in a
clear separation of the timescales (Figure 4(b)).

3. COMBUSTION KINETICS
In the following section the potential of the SQEM reduced
models is demonstrated for the detailed combustion mecha-
nisms of hydrogen, syngas, and methane corresponding to 6-,
9-, and 27-dimensional systems.
3.1. Autoignition of homogeneous mixtures. In a

constant pressure adiabatic system, in addition to the species

production/destruction rates (eq 3), the temperature evolution
is governed by

∑
ρ

ω= − ̇
=

dT
dt c

h W
1

p i

n

i i i
1

s

(14)

where ρ is the mixture density and Wi, hi, and ω̇i = ∑k = 1
r νikqk

are the molecular weight, specific enthalpy, and production/
destruction rate of species i, respectively. The negative of
entropy for ideal gas mixtures under isobaric and isenthalpic
conditions takes the form32

= − = −
∑ − −

̅

=
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G S
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W

( ) ln( ) lni
n

i i c i c
p

p1
s

ref

(15)

and G = −S can be considered as the thermodynamic Lyapunov
convex function for the dynamics defined by eqs 3 and 14 in
terms of si, the specific entropy of species i, the mean molecular
weight ̅ = ∑ =W X Wi

n
i i1

s , and the system and reference pressures
p and pref; Xi = Ni/∑j = 1

ns Nj is the mole fraction of species i.
Thermodynamic properties and reaction rates were evaluated
using CHEMKIN,33 and the convex minimization problem (eq
7) was solved using the CEQ code,34 a numerical package for
the computation of constrained and unconstrained equilibrium
compositions based on the algorithm described in ref 35.

3.1.1. H2/air mixture results. The detailed kinetic scheme of
Li et al.36 for hydrogen/air mixtures includes ns = 9 species and
r = 21 reactions. In the scope of RCCE applications for
hydrogen combustion, the total number of moles (TM), the
total number of radicals referred to as active valence (AV), and
free oxygen (FO) have been proposed in refs 12 and 37 as an
appropriate set of constraints (Table 1).

Figure 4. Sample semiorbit for k1f = k1r = 100, kcat = 1.0, and kr2 =
10−5. (a) Comparison between the profiles of species concentrations
computed using the detailed (solid lines), the reduced SQEM
description (symbols), and the rapid equilibrium assumption (dashed
lines); (b) the evolution of the eigenvalues λ of the system.

Table 1. RCCE Constraint Matrix Bd for the H2/Air Mixture

Reduced parameter H2 N2 H O OH O2 H2O HO2 H2O2

ξ1
d = TM 1 1 1 1 1 1 1 1 1
ξ2
d = AV 0 0 1 2 1 0 0 0 0
ξ3
d = FO 0 0 0 1 1 0 1 0 0

Figure 5. Temperature evolution for stoichiometric H2/air auto-
ignition under atmospheric pressure with unburnt temperature T0 =
1200 K. The detailed solution is compared with the RCCE and SQEM
reduced models with different number of constraints.
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The evolution of temperature for a stoichiometric hydrogen/
air mixture at atmospheric pressure with initial temperature T0

= 1200 K is plotted in Figure 5. The detailed (solid line)
solution is compared with SQEM (lines with symbols) and
RCCE (dashed, dotted, and dot-dashed lines). It can be seen
that, with increasing dimension (number of constraints), the
agreement between the reduced and detailed description
improves and that for the same dimension the SQEM provides
a consistently more accurate description.
In order to obtain a better approximation of the ignition

delay time, the initial composition of the constrained-
equilibrium state should approximate the actual initial
composition.12 As can be seen in Figure 5, in the one-
dimensional case, the initial state is not captured either by
SQEM or by RCCE for the constraint based on the slowest left
eigenvector and the total number of moles, respectively.
A way to address this issue is to project the initial condition

on the one-dimensional manifold. In the classical RCCE which
is used here, it is assumed that the rate of change in the
unrepresented subspace is negligible and the projector is the
identity matrix. Different choices for the projection have been

Figure 6. Comparison of the time histories of selected species mass fractions for stoichiometric H2/air autoignition under atmospheric pressure with
initial temperature T0 = 1200 K computed using the detailed mechanism and with three-dimensional RCCE and SQEM reduced models.

Figure 7. Comparison of the time histories of the temperature
evolution for stoichiometric syngas/air autoignition under atmospheric
pressure with initial temperature T0 = 1200 K computed using the
detailed mechanism and with SQEM reduced models with different
constraints for (a) rCO/H2

= 1/3 and (b) rCO/H2
= 3.

Figure 8. Comparison of the time histories of the temperature
evolution for stoichiometric methane/air autoignition under atmos-
pheric pressure with initial temperature T0 = 1400 K computed using
with the detailed mechanism and with the SQEM reduced model with
different constraints.
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introduced in the literature, including the Intrinsic Low
Dimensional Manifold,38 the Computational Singular Perturba-
tion,39 the thermodynamic projector,40 and the more accurate
projector for RCCE.37

The temporal evolution of species mass fractions using three-
dimensional reduced QEM models is plotted in Figure 6.
SQEM provides a more accurate description even for the low
concentration species (hydroperoxy radical HO2 and hydrogen
peroxide H2O2).
3.1.2. Syngas/air mixture results. The CO/H2/O2 elemen-

tary scheme of Li et al.36 was used for the chemistry description
with 32 nonduplicate elementary reversible reactions and 13
chemical species. For a stoichiometric mixture of syngas/air in
an adiabatic constant pressure (p = 1 atm) reactor at initial
temperature T0 = 1200 K, the temperature evolution captured
from the detailed kinetics is compared with that computed
using the SQEM reduced descriptions of different dimension. It
is shown that, for two CO:H2 molar ratios rCO/H2

= 1:3 and 3:1

(Figure 7 (a) and (b)), the agreement of the SQEM with three
constraints and the detailed mechanism for the ignition delay
time and the temperature time history are very good.
3.1.3. Methane/air mixture results. The GRI 1.2 mecha-

nism41 was used to predict the oxidation rates of CH4. The
detailed mechanism includes 31 species and 175 elementary
reactions with four elemental conservation constraints for H, O,
C, and N; hence, the system is 27-dimensional. The
temperature evolution for the stoichiometric mixture with T0

= 1400 K and p = 1 atm is plotted in Figure 8. The SQEM
model with seven constraints captures the temperature profile
accurately, implying that the full system in this case can be
reduced to a 7-dimensional model. Profiles of selected species
found by six- and seven-dimensional SQEM reduced manifolds
are compared with the detailed model in Figure 9, exhibiting
good agreement for the reduced model with seven constraints.
It should be pointed out that the discrepancy between the

reduced and the detailed descriptions reduces nonmonotoni-
cally with the dimension of the SQEM model. Similar
observations were made in other classes of chemical kinetics
model reduction methods based on species elimination
techniques.42,43

4. CONCLUSION

This paper is devoted to the class of model reduction
techniques which are based on the maximization of the entropy
function, the Lyapunov function, which increases monotoni-
cally along the evolution from an initial condition to the
equilibrium state, under specific constraints. The manifold of
the conditional maxima of the entropy where the constraints
depend on the point on the manifold defines the Quasi-
Equilibrium Manifold (QEM). By construction, QEMs are not
folded, single-valued, continuous, realizable, and smooth,
properties that cannot be guaranteed by other popular
reduction methods, such as the Intrinsic Low-Dimensional
Manifold (ILDM) method.6 Furthermore, the QEM con-
struction needs only the entropy function but not the explicit
system dynamics (i.e. the exact reaction rates). Since the
construction is based on maximization, high-dimensional
manifolds can be easily constructed, as shown in the constant
pressure autoignition examples considered here, contrary to
iterative methods44 or ILDM. However, the choice of proper
constraints plays a vital role in the quality of the reduced model.
It is shown that the Spectral Quasi-Equilibrium Manifolds
(SQEMs) method, based on the slow left eigenvectors at
equilibrium, can be used to define general mathematically-based
constraints without resorting to intuition and detailed under-
standing of the system dynamics to obtain accurate reduced
descriptions for combustion kinetics. The autoignition of
hydrogen, syngas, and methane shows good agreement of the
time histories of the temperature and species concentrations in
comparison to detailed models when the number of slow
variables is chosen appropriately. The considered cases showed
that SQEM can produce more accurate reduced models in
comparison to the Rate-Controlled Constrained-Equilibrium
(RCCE) approach used in the combustion literature.
Finally, in addition to using the SQEM reduced description

directly, the manifold can be iteratively refined to construct
slow invariant manifolds (e.g., Method of Invariant Grid18,19

and the algorithm proposed in ref 44).
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