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Abstract 

The orders of magnitude variation in rates typical in formulating a kinetic model for a complex reaction 
network, results in time scale separation that makes the system inherently stiff for simulation. In this 
work, a graph-theoretic framework is developed for the time scale decomposition of reaction systems 
into slow and fast time scales; the pseudo-species that evolve only in the slow time scale are identified. 
The reaction network is represented using a directed bi-partite graph and closed walks are used to 
identify interactions between species participating in the fast/equilibrated reactions. Subsequently, an 
algorithm which connects the closed walks to form the pseudo-species is utilized to eliminate the fast 
reaction rate terms. Two example reaction systems are considered to show the efficacy of the framework. 
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Complex reaction networks are present in numerous 
chemical and biochemical systems including combustion, 
pyrolysis, catalytic conversion of hydrocarbons, and cell 
metabolism. These reaction networks are of particular 
interest due to new feedstock and chemistries, for e.g. 
biomass and methane processing. Microkinetic modeling 
of these reaction systems is essential for design, 
optimization and control studies, however, the 
development of these microkinetic models with the 
underlying parameter estimation problem is 
computationally challenging for large reaction systems due 
to stiffness and size. Model reduction methods include the 
intrinsic low dimensional manifold (ILDM) method, the 
computational singular perturbation (CSP) method; and 
analytical approaches that involve an explicit change of 
coordinates to obtain linear combinations of the species 
concentrations that evolve purely in the slow time scales 
(Okino and Mavrovouniotis, 1998). The application of 

these methods, however, has been mostly limited to gas-
phase systems and these methods become computationally 
intensive when applied to large systems.  

In the present work, the concept of analytical 
approaches, where a pseudo-species is identified using a 
linear combination of original species such that the fast 
reaction rate terms are eliminated, is generalized using a 
graph-theoretic setting that allows usage of efficient 
algorithmic procedures from graph theory. 

 
Methodology 

 
A graph-theoretic framework is used to generate 

reduced models where the fast irreversible reactions are 
identified using a kinetic threshold (ri

max) criterion and the 
equilibrated reversible reactions are identified using an 
equilibrium tolerance (δ) criterion (Eq. 1). 
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A directed bipartite graph is used to represent the 

species and reactions as two disjoint sets for a general 
reaction network. An edge connecting the two sets 
represents species participation in a reaction as a reactant 
or product depending on the edge direction. Cycles 
consisting of a pair of species participating in fast reactions 
are identified using a backtracking algorithm. These cycles 
are closed walks of two species nodes and two reaction 
nodes. Further, an algorithm connects the identified cycles 
to form the pseudo-species such that the fast reaction rate 
terms are eliminated. Two example reaction systems are 
considered to show the efficacy of the proposed 
framework. The kinetic data and rate expressions have 
been taken from reports in the literature (Chen et al., 2014, 
Gerdtzen et al., 2004).  

 

Results and Discussion 
 
(i) Cracking and isomerization of 1-butene: The 

reduced model eliminates the initial fast transient due to 
incorporation of the quasi-equilibrium constraints as shown 
in the inset of Fig. 1. As shown in table 1, an order of 
magnitude reduction in the number of integration steps is 
observed and five (out of eight) model parameters are 
eliminated due to the quasi-equilibrium approximation. 

 

 

Figure 1.   Comparison between original and 
reduced model evolution profile of 1-butene 

Table 1. Comparison of integration steps and model 
parameters between original and reduced model 

 Original Model Reduced Model 
No. of integration steps 228 38 
No. of model parameters 8 3 

 
 (ii) Carbon metabolism in Erythrocytes: the effect of 

the equilibrium tolerance and threshold criteria for 
identifying fast/equilibrated reactions on the performance 
of reduced model is studied. The different cases are shown 
in table 2. As shown in fig. 2, the initial fast transients are 

eliminated in the reduced model; however, deviation from 
the original model increases with relaxation in the 
threshold criteria. The deviation is attributed to the 
restrictions, enforced by the algebraic constraints, in the 
state space where the system evolves. 
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Figure 2.   Comparison between original and 
reduced model for the different cases of the 

identification criteria for fast/equilibrated reactions 

Table 2. Different cases of the identification 
criteria for fast/equilibrated reactions 

 Identification Criteria Reactions selected 
Case 1 δ = 0.01 4 
Case 2 δ = 0.2 6 
Case 3 δ = 0.2 and ri

max ≥ 106 7 
Case 4 δ = 0.2 and ri

max ≥ 105 8 
 

Conclusion 
 

A graph-theoretic framework is developed to generate 
non-stiff reduced models using equilibrium tolerance and 
kinetic threshold criteria. The pseudo-species are generated 
as a linear combination of original species via a cycle 
identification procedure; these pseudo-species only evolve 
in the slow time scale. A reduced model is formulated 
using these pseudo-species and algebraic constraints arising 
from the fast/equilibrated reactions. Insensitive parameters 
are eliminated through incorporation of quasi-equilibrium 
constraints; thereby, reducing the parameter set. 
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