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Abstract 

Parametric uncertainty currently limits the predictive ability of kinetic models and prevents them from 

reaching their full potential. This is particularly important for surface catalyzed microkinetic models 

which often contain thousands of reaction steps and intermediate surface species requiring many kinetic 

and thermodynamic parameters. Estimating these from first-principles density functional theory (DFT) is 

costly, motivating the need for DFT-based methods, such as group additivity and Brønsted–Evans–

Polanyi (BEP) relationships, to quickly estimate thermochemistry and reaction barriers, respectively. Use 

of these methods amplifies the uncertainty in estimating the overall reaction rate. Furthermore, 

microkinetic model parameters are strongly correlated; yet, there is lack of a framework to expose these 

correlations on a single catalyst with a single functional. This work develops a framework to estimate 

correlations in reaction networks, using group additivity and graph theory of all species. Uncertainty 

quantification (UQ) is then predicted for thermochemistry, reaction barriers, and ultimately reaction rates. 

A microburner coupled to a thermoelectric device is used to illustrate the impact of uncertainty on the 

design of a device.  
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Introduction

Microkinetic models (MKM) describe all possible 

elementary reaction steps and determine the most likely 

reaction path and rate-controlling step. Besides these 

insights, they can predict new catalysts (product design) and 

be used to design reactors (process design). These models 

can grow very large making use of density functional theory 

(DFT) for parameter estimation impractical. Use of first-

principles estimation methods, such as group additivity 

(GA) and Brønsted–Evans–Polanyi (BEP) relationships, 

becomes indispensable. Due to effective linearization 

applied by these methods, the overall MKM error is 

increased, compared to using DFT estimates only. 

However, the magnitude of this error and its impact are 
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unknown. In addition, MKM parameters are strongly 

correlated; yet, a framework for including these correlations 

in model prediction is lacking. 

This work defines uncertainty quantification (UQ) in 

MKM parameters and their impact on reaction rate and 

device operation. We demonstrate the latter on the operation 

of a microburner-thermoelectric device for the conversion 

of chemical energy to electricity.  

Methods 

First, we focus on the GA scheme for surface reactions. GA, 

first proposed by Benson and coworkers (Benson et al. 



  

 

1969) for gas molecules was later extended to species 

adsorbed on catalytic surfaces (Kua and Goddard 1998; Kua 

et al. 2000). GA relies on graph theory defining each 

molecule as a collection of groups and the frequency of 

occurrence of each. The values of GA groups are 

determined from DFT-calculated thermodynamic 

properties of a (training) set of molecules by linear 

regression to minimize the difference of thermodynamic 

properties of molecules predicted by the GA from those 

estimated via DFT. The GA framework allows us to 

estimate correlations among groups using standard statistics 

and linear algebra (a multivariate normal distribution 

coupled with a covariance matrix). Subsequently, we 

propagate these correlations and errors from groups to 

molecules and, ultimately, to the thermochemistry of each 

elementary step and via BEPs also to the rate constants of a 

MKM. We demonstrate the approach to a full propane 

catalytic oxidation MKM on Pt. The model is used to 

exploit the impact of correlations and errors to the operation 

of a device. An ideal plug flow catalytic microburner 

operating on propane/air coupled thermally with a 

thermoelectric element (TE) (Federici et al. 2006) in a 

Python-based simulation is modeled to account for kinetics, 

heat and material balances.  

 
Figure 1: Illustrative uncertainty distribution in the free 

energy of the first dehydrogenation (Results from 2500 

simulations) 

Results and Discussion 

The uncertainty in reaction thermochemistry (Fig. 1) for the 

full MKM suggests that the overall reaction-rate uncertainty 

is significant given these terms are often exponentiated. The 

example shows the first thermal dehydrogenation reaction 

step in propane oxidation has an uncertainty of ~±7 in 

dimensionless Gibb’s free energy. Given that 

hydrogenation is a reversible reaction, this implies that the 

rate of the reverse reaction step is uncertain by 2-3 orders of 

magnitude. In addition, the uncertainty in heat of reaction 

propagates to the forward reaction constant through the 

BEP relationship. We show that the correlations among 

groups are important and propose a method to reduce errors 

of MKMs. UQ results based on a reduced kinetic model 

results in a family of asymmetric solutions for device 

operation (Fig. 2) which are likely due to reaction extinction 

when the reaction rates are low. This indicates that 

uncertainty in reaction rate on device operation may be 

amplified or damped depending on operation regime. 

Conclusions 

We proposed a new framework to estimate correlations of 

MKM parameters based on the GA scheme and estimate 

their effect on thermochemistry and kinetics uncertainty. 

Importantly, this framework allows us to reduce MKM 

errors. The effect of reaction rate and thermochemistry 

uncertainty on device operation is finally demonstrated.   

  
Figure 2: Microburner operating region due to reaction rate 

uncertainty, shown with each quartile of outcomes around an 

unperturbed case, is very asymmetric. A lean propane/air mixture 

is catalytically burned to generate power through a TE. The feed 

flow rate is an important manipulated variable. 
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