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Introduction 
The European energy market is moving towards a 
more carbon neutral energy production. The use of so 
called bio-fuels are therefore extremely important 
considering that combustion processes are the largest 
portion of our energy production, and according to all 
projections, this will not change drastically in the near 
future. Due to the fact that bio-fuels have a much 
lower calorific value compared to conventional fuels, 
an efficient combustion technology is needed to 
achieve these goals. One such technology is Moderate 
or Intense Low-oxygen Dilution (MILD) combustion 
[1]. MILD conditions are reached when the fuel 
stream have a temperature above the self-ignition 
temperature of the fuel at the same time as the maxi-
mum temperature increase compared to the inlet tem-
perature is lower than the self-ignition temperature of 
the fuel [1]. This moderate temperature increase re-
duces the temperature peaks in the combustion pro-
cess, which sequentially reduce the thermal NOx cre-
ated in the process. One methodology to reach MILD 
conditions is by recirculating the hot combustion 
products back to the fuel inlet, thus preheating and di-
luting the fuel stream. This creates very good mixing 
between the fuel and oxidizer, which in turn reduces 
the mixing time scale to the same order of magnitude 
as the chemical time scale, i.e. the Damköhler number 
is close to unity. The use of detailed chemistry is 
therefore needed while simulating these conditions. 
But due to the increased concentration of combustion 
products and the lower temperature in the reaction 
zone, compared to conventional combustion, existing 
detailed chemical mechanism, which have been de-
veloped and validated against conventional combus-
tion targets, are under-performing in MILD condi-
tions. In order to improve the performance of existing 
chemical mechanisms with respect to MILD combus-
tion, optimization through the use of Uncertainty 
Quantification (UQ) can be applied to this problem. 
There are several examples [2–5] in literature where 
UQ has been used for optimizing kinetic parameters 
in order to improve the performance of a mechanism 
with respect to specific experimental targets. This 
work is therefore dedicated to apply similar method-
ologies to improve the performance of existing de-
tailed chemical mechanism with respect to MILD 
combustion. 

Experimental data 
The experimental data used in this work was ex-

tracted from [6] and consists of ignition delay time of 
biogas in a Plug Flow Reactor at atmospheric condi-
tions. A mixture of biogas and air, diluted with nitro-
gen at an overall concentration of 90%, was injected at 
different inlet temperatures and oxygen ratios (Ω) [7]. 
The reference composition used for the fuel was 1% 
C2H4, 2% C2H6, 10% CH4, 25% CO and 62% CO2. 

The ignition delay time was defined as the moment 
where the mixture has reached 10 K higher temperature 
with respect to the inlet temperature. These conditions 
were reproduced using the open-source software 
OpenSMOKE++ [8].  

Optimization procedure  
In order to determine which kinetic parameters to 

optimize, an initial screening of the reactions was per-
formed based on a so-called impact factor [9].  

The range of each parameter was then determined 
using the uncertainty parameter (f) for each reaction, 
which was used as a base for sampling and creating 
surrogate models with respect to each experimental 
data point. These surrogate models were then used to 
evaluate each possible combination of kinetic parame-
ters, that still respected the uncertainty bounds of the 
rate coefficients, in order to find which combination 
that resulted in the optimal solution. This was evalu-
ated by calculating the sum of least squared errors for 
each combination evaluated.  

Results 
An initial evaluation of different available detailed 

chemical mechanism was performed in order to deter-
mine which was closest in predicting the experimental 
values. A list of these mechanisms together with refer-
ence, number of species, number of reactions and aver-
age deviation from the experimental data are listed in 
Table 1. A brief discussion regarding the choice each 
mechanism is presented as follows: 
• Both Aramco 1.3 and 2.0 were developed for com-

bustion of C1-C4 species.  
• The mechanism referred to as Galway was devel-

oped for natural gas and species up to C5.  
• The GRI mechanisms were developed for natural 

gas combustion and are not necessarily suitable for 
biogas combustion. However, due to the fact that 



these two mechanisms are widely used in the com-
bustion community, the authors did not see any 
harm in evaluating their performance with respect 
to evaluated conditions. Same applies for the San 
Diego mechanism.  

• The POLIMI mechanism was developed for com-
bustion of C1-C3 species.  

• The Zhukov mechanism is an extension of the GRI 
1.2 mechanism together with the LLNL mecha-
nism to include the oxidation of alkanes. 

Considering the composition of the fuel, these mecha-
nisms were therefore deemed reasonable for an initial 
evaluation.  

Table 1 -  List of chemical mechanisms used in 
this work with reference, number of species, 
number of reactions and average deviation from the 
experimental data. 

Mech. Ref. # S # R Av. dev. [%] 
Aramco 1.3 [10] 124 766 95.54 
Aramco 2.0 [11] 502 2716 84.06 
Galway [12] 293 1593 88.30 
GRI 2.11 [13] 49 279 100.2 
GRI 3.0 [14] 53 325 115.3 
POLIMI [15] 107 2642 82.90 
San Diego [16] 57 268 117.0 
Zhukov [17] 549 2518 98.42 

 
The results for these mechanisms are show only for 

one case, namely stoichiometric conditions in Figure 
1. However, it should be noted that this work is based 
on more experimental data, but due to page limitations 
only one case is shown here.  

Figure 1 - Ignition delay time for stoichiometric 
conditions at different inlet temperatures, where the 
experimental data are represented by the black dots 
and the simulations by the colored lines. 

From Figure 1 it can clearly be seen that none of 
the mechanisms are able to predict the experimental 
data well. However, in Table 1 it can be seen that the 
POLIMI mechanism has the smallest average deviation 
from the experimental data. This mechanism was there-
fore used for the continued evaluation.  

After an initial screening of the impact factors, 
three reactions were chosen for the optimization, 
namely R1 (O2 + H = O + OH), R271 (HO2 + CH3 = 
OH + CH3O) and R405 (CH4 + H = H2 + CH3). By al-
lowing the kinetic parameters for these three reactions 

to vary within the uncertainty bounds of the reaction 
rate, a more optimal combination of parameters could 
be found, which gave better predictions with respect to 
the experimental data. These new parameters are pre-
sented in Table 2 together with the nominal parameter 
values for comparison.  

Table 2 - Nominal and Optimal kinetic 
parameter values for reactions R1 (O2 + H = O + 
OH), R271 (HO2 + CH3 = OH + CH3O) and R405 
(CH4 + H = H2 + CH3) form the POLIMI 
mechanism [15]. The units of the different kinetic 
parameters are as follows: A [s-cm3-mol], 𝜷 [-], E 
[cal/mol]. 

Kinetic param. Nominal value Optimal value 
𝐴#$ 9.6 x 1011 6.1 x 1011 
𝛽#$ -0.2 -0.2 
𝐸#$ 16 625 16 556 
𝐴#'($ 6.0 x 109 2.56 x 1010 
𝐴#)*+ 3.0 x 104 7.54 x 104 
𝛽#)*+ 2.0 2.0 
𝐸#)*+ 10 000 10 139 

 
A comparison between the original POLIMI pre-

diction, vs the optimized mechanism can be seen in 
Figure 2. It can clearly be seen that the new mechanism 
gives large improvements, especially at high inlet tem-
peratures.  

Conclusions 
 From this work, it can be seen that existing mecha-
nisms are not able to predict MILD combustion well, 
and there exists large discrepancies between the differ-
ent mechanisms. The use of optimization techniques 
such as presented in this work, can therefore be used to 
improve the performance of existing mechanism with 
respect to the experimental targets. The choice of pa-
rameters to be included in this study was based on a so-
called impact factor ranking and each possible combi-
nation of these parameters was evaluated using surro-
gate models. Finally, a modified mechanism was pro-
posed based on a least squared fit with respect to the 
experimental targets, which showed drastic improve-
ments with respect to the nominal mechanism.  

Figure 2 – Comparison of ignition delay time 
prediction between nominal and optimal mechanism 
for stoichiometric conditions. The experimental data 
is represented by the black dots. 
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