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Abstract
The performance of 17 recent detailed reactionmechanisms describing the inter-
actions of methanol and formaldehyde with nitrogen oxides in combustion sys-
tems was investigated based on large number of literature experimental data
covering a wide range of conditions. This data collection consists of 2552 data
points of concentration profiles in 243 datasets measured in jet stirred reactors,
tubular flow reactors, and shock tubes. The two best mechanisms were found
to be the Shrestha-2019 and Glarborg-2018 mechanisms, which were selected for
further investigations. Two additional mechanisms were created via the replace-
ment of the hydrogen, syngas, methanol submechanisms, and the parameters
of nine N/H/O reactions to ones from our previous mechanism optimization
studies. Local sensitivity analysis of the kinetic and thermodynamic param-
eters (Arrhenius A-factors, heat capacities, standard enthalpies of formation,
and standard molar entropies) of these four mechanisms was carried out. The
results were in good agreement and the most sensitive reactions belong to the
neat hydrogen, syngas, or methanol oxidation. The most important reactions
of the interaction between C1 species and NOx are hydrogen-abstraction reac-
tions CH3OH + NO2 = HONO + CH2OH and CH2O + NO2 = HONO + HCO.
The most sensitive thermodynamic properties are the molar heat capacities of
species OH, NO, HONO, and NO2, and the standard enthalpies of formation
and entropies of these species have also significant sensitivities. According to
the local uncertainty analysis of the kinetic and thermodynamic parameters, the
rate coefficients of the NOx chemistry have the highest contribution to the over-
all uncertainty of the simulation results, especially those of the two reactions
above. The highest uncertainty caused by the thermodynamic parameters is due
to the heat capacity of HNO,OH,HO2, andNO2 and some other species, whereas
the uncertainty contributions of all enthalpies of formation and entropies were
negligible.
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1 INTRODUCTION

One of the important tasks today is to reduce the usage
of fossil transportation fuels, and alcohols are promising
alternative fuels. The reactions of nitrogen oxides in com-
bustion systems are also important due to environmental
regulations. Nevertheless, compared with CH4/NOx sys-
tems, much less literature measurement data are avail-
able to describe the interaction of methanol and nitro-
gen compounds in combustion systems. These measure-
ments show that the presence ofNOandNO2, even in trace
amounts, significantly affects the oxidation of methanol.
Several detailed reaction mechanisms were published in
the last decades to describe methanol combustion with
complete pathways for NOx reactions included but the
simulation results still have high uncertainty.
The performance of a mechanism can be improved

with a more accurate determination of the most impor-
tant rate parameters and thermodynamic data. One possi-
ble approach is to carry out new direct measurements or
theoretical calculations for the determination of the key
parameters with low uncertainty. Another approach is to
do mechanism optimization1–8 by fitting the parameters
within their uncertainty limits to the results of direct and
indirect measurements and theoretical determinations. In
both cases, the first step is the identification of those
parameters of the chemical kinetic models that cause the
largest uncertainty of the model results of interest.
In this work, experiments in homogeneous reactors on

methanol–oxygen combustion systems doped with NO or
NO2 were considered. The measurements include concen-
tration profiles measured in jet stirred reactors (JSRs),
tubular flow reactors (TFRs), and shock tubes (STs).
The performance of three recent combustion simulation
solvers, FlameMaster 4.2.1,9 FlameMaster 4.0.0,10 and
OpenSMOKE++ 0.12.0,11,12 was also tested and compared.
These three programs gave almost identical results in most
cases. The main article contains the results obtained with
OpenSMOKE++, whereas the detailed comparison of
the results from the three solvers can be found in the
Supplementary Material, Part 1.
The performance of 17 recent detailed mechanisms was

tested on the simulation of the collected methanol/NOx
or formaldehyde/NOx experiments. Then, local sensitivity
and uncertainty analyses of the best mechanismswere car-
ried out. The results highlighted themain sources of uncer-
tainty in the modeling of methanol/NOx systems.

2 COLLECTION OF EXPERIMENTAL
DATA

The effects of nitrogen oxides on methanol and formalde-
hyde combustion have been investigated by several

research groups using various experimental methods. Our
aim was to collect all experimental data on methanol and
formaldehyde combustion influencedwith nitrogen oxides
related to measurements in homogeneous reactors. The
combustion of methanol perturbed with NOx have not
been investigated in flames to our knowledge. Table 1
summarizes experimental conditions of the collected data
points. All the related experiments were concentration
profile measurements carried out in JSRs, TFRs, and STs.
All collected indirect experimental data (2552 data

points in 243 datasets) were stored in 74 data files using
the ReSpecTh Kinetics Data (RKD) Format Specification
v2.3.27 The RKD format was developed from the PrIMe
Kinetics Data Format28 by adding several new keywords
and carrying out further modifications. The RKD-format
XML files are well readable by both humans and com-
puter codes. The RKD-format files were created with
our in-house developed Optima++ code.29 Optima++
was also used for reading the data files, running the
FlameMaster or OpenSMOKE++ simulation codes, and
comparing the simulation results with the experimental
data.
We have estimated the standard deviation σ of the exper-

imental data for each dataset. For this, we have calculated
the square root of the sum of the square of the published or
estimated experimental errors and themean-square devia-
tion of the data points from a fitted trend line. The trend
line was obtained by spline or polynomial fitting using
computer code Minimal Spline Fit.30 The exact procedure
for the estimation of the σ values is available in the Supple-
mentary Material, Part 1 of article.8 Tables S1 to S3 of the
Supplementary Material, Part 1 of this article contain the
estimated standard deviations of the experimental data.
The RKD-format XML data files created for this work are
available in the ReSpecTh information site.31 This site also
contains the latest version of the Optima++ code.

3 COMPARISON OF THE
MECHANISMS

The experimental data were reproduced using detailed
reactionmechanisms developed for the description of NOx
chemistry in combustion systems and had been widely
used in science and industry. Some of them have not been
validated to simulate methanol combustion or just at spe-
cific experimental conditions but were also tested here to
see their performance on this system as the good perfor-
mance of a mechanism out of its validation range has been
observed several times. The footnotes of Table 2 summarize
the validation background of the investigatedmechanisms.
Seventeen mechanisms were considered, which included
the latest ones and several other mechanisms from the last
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886 KOVÁCS et al.

TABLE 1 Collected experimental concentration-profile data on CH3OH/NOx measurements

Experiment type Datasets Data points T (K) p (atm) φ
Jet stirred reactor (JSR)13–15 72 765 640–1870 0.92–10 0.3–1.34
Tubular flow reactor (TFR)16–25 160 1648 298–1420 0.99–1.4 0.01–13.5
Shock tube (ST)26 11 139 1142–1502 0.46–0.66 0.46–2
Overall 243 2552 298–1870 0.46–10 0.01–13.5

TABLE 2 Comparison of the error function values of the mechanisms for homogenous reactors with different experiment types

Ref.
JSR
65 (689)

TFR
149 (1545)

ST
11 (139)

Overall
225 (2373)

Shrestha-2019a 32 27.3 (689) 16.4 (1545) 29.7 (139) 20.2 (2373)
Glarborg-2018a 33 22.2 (689) 36.8 (1545) 10.2 (139) 31.3 (2373)
GDFKin3.0-2016c 34 29.7 (689) 30.5 (1486) 65.9 (139) 32.1 (2314)
POLIMI-2014a 35 30.8 (689) 37.9 (1545) 32.4 (139) 35.5 (2373)
POLIMI-2019b 36 26.1 (689) 41.8 (1545) 56.2 (139) 37.9 (2373)
Rasmussen-2008b 16 48.7 (689) 40.8 (1486) 10.4 (139) 41.7 (2314)
Zaragoza-2016c 37 60.1 (689) 37.8 (1486) 10.2 (139) 43.2 (2314)
Saxena-2007b 38 20.8 (598) 38.6 (1535) 230.1 (139) 43.6 (2272)
Tian-2009c 39 47.6 (689) 46.7 (1486) 41.0 (139) 46.7 (2314)
AAU-2008a 40 30.1 (689) 55.2 (1486) 128.6 (139) 51.3 (2314)
SanDiego-2014c 41 48.4 (541) 41.4 (1535) 229.3 (139) 53.0 (2215)
Alzueta-2001b 19 53.4 (653) 57.5 (1486) 9.7 (139) 53.8 (2278)
Konnov-2009a 42 36.6 (479) 53.6 (1486) 157.7 (139) 55.4 (2104)
Aranda-2013b 43 28.6 (689) 70.2 (1496) 36.3 (139) 55.9 (2324)
Zaragoza-2011c 44 55.5 (689) 61.4 (1486) 8.8 (139) 56.9 (2314)
GRI3.0-1999d 45 32.8 (689) 107.7 (1486) 149.1 (139) 87.0 (2314)
Marques-2009c 46 172.5 (689) 188.4 (1486) – (0) 183.3 (2175)
ELTE+Shresthaa text 21.3 (689) 31.3 (1545) 8.5 (139) 27.3 (2373)
ELTE+Glarborga text 22.0 (689) 30.7 (1545) 14.6 (139) 27.4 (2373)

The number of the data points with successful simulation are given in parenthesis. The overall numbers of the datasets and data points of a group is summarized
in the header of the table.
aThe mechanism was developed to describe a wide range of experimental conditions and it was validated to simulate CH3OH/NOx systems.
bThe mechanism was developed to describe specific experimental conditions and it was validated to simulate CH3OH/NOx systems.
cThe mechanism was developed to describe specific experimental conditions and it was not validated to simulate CH3OH/NOx systems. However, it contained
the main corresponding routes, so its performance was tested.
dThe mechanism was developed to describe a wide range of experimental conditions but it was not validated and supposed to be used to simulate methanol
combustion or the CH3OH/NOx chemical system. However, it contained the main corresponding routes, so its performance was also tested.

two decades. All collected experimental data were simu-
lated with each of the mechanisms.
Agreement of the simulation results with the experi-

mental data was investigated using the following error
function.7

𝐸 (𝑝) =
1

𝑁

𝑁∑
𝑖 = 1

1

𝑁𝑖

𝑁𝑖∑
𝑗 = 1

⎛⎜⎜⎜⎝
𝑦mod
𝑖𝑗 (𝑝) − 𝑦

exp
𝑖𝑗

𝜎
(
𝑦
exp
𝑖𝑗

) ⎞⎟⎟⎟⎠
2

(1)

Here, N is the number of datasets and Ni is the num-
ber of data points in the i-th dataset. Vector p contains

the rate parameters. Values yijexp and σ(yijexp) are the j-
th data point and its standard deviation, respectively, in
the i-th dataset. The corresponding simulated (modeled)
value is yijmod obtained from a simulation using a detailed
mechanism and an appropriate simulation method. The
calculated error function value is a suitable quantitative
measure to characterize the performance of a mechanism
in a wide range of experimental conditions. The order
according to the goodness of the mechanisms can be given
based on this value and the actual best mechanism can be
chosen. One can note that E < 9 means the mechanism
can reproduce the experimental data within 3 sigma on
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KOVÁCS et al. 887

(A) (C) (E)

(F)(D)(B)

F IGURE 1 Comparison of the experimental values measured in homogenous reactors and the simulation results in the case of some
example datasets. (A) and (B) show the simulation of outlet concentrations measured in a jet stirred reactor.13 (C) and (D) show the
simulation of outlet concentrations measured in a tubular flow reactor.21 (E) and (F) show concentration–time profiles measured in a shock
tube.26 The experimental conditions are shown in the upper figures. Further information can be found in Tables S1–S3 of the Supplementary
Material, Part 1 at the given XML identifiers [Color figure can be viewed at wileyonlinelibrary.com]

average, which can be considered as a general requirement
for a mechanism.
The obtained simulation results of the 2552 data points,

belonging to the 17 mechanisms, were typically very differ-
ent from each other and sometimes also from the exper-
imental data. For the illustration of the trends and gen-
eral behavior, some examples are shown for the simula-
tion results of the experiments in homogenous reactors in
Figure 1.
For a comprehensive quantitative comparison, error

function values E given in Equation (1) were calculated for
all datasets and for all mechanisms with three recent com-
bustion simulation solvers, FlameMaster 4.2.1, FlameMas-
ter 4.0.0, and OpenSMOKE++ 0.12.0 (from now on: FM
4.2.1, FM 4.0.0, and OS). We found that the simulation
results obtained with the three solvers were in relatively
good agreement, but OS had more stable performance in
perfectly stirred reactor simulations and it had slightly
lower runtimes. The main article contains the only sim-
ulation results obtained with OS, and the detailed results
obtained with FM are given in the Supplementary Mate-
rial, Part 1 (see Tables S4 and S5). Table 2 shows the cal-

culated error function values based on the OS simulation
results.
The error function value results of a mechanism in

Table 2 are grouped in columns based on the different
experiment types and also the overall results. The sim-
ulation results were filtered according the following cri-
teria: results of a dataset were excluded from the calcu-
lation of the E values shown in Table 2 if none of the
two best mechanisms (Shrestha-2019 and Glarborg-2018)
could reproduce the experiments with E < 100. This way
225 datasets, with 2373 data points, were left for compari-
son. Most of the mechanisms were not able the simulate
successfully all datasets due to failed simulations of some
data points (except Shrestha-2019, Glarborg-2018, POLIMI-
2014, and POLIMI-2019) but the comparison can be done
due to the standardization with the scatter of the dataset
in the Equation (1) error function value. The final order
of the mechanisms is based on the overall (filtered) error
function value.
The overall best mechanisms were Shrestha-2019,

Glarborg-2018, GDFKin3.0-2016, POLIMI-2014, and
POLIMI-2019, respectively, on average with E < 40. The
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good performance of the GDFKin3.0-2016 mechanism,
which was not directly validated to simulate methanol
combustion, justifies the reason of the investigation
of the mechanisms out of their validation range. The
Rasmussen-2008, Zaragoza-2016, Saxena-2007, and
Tian-2009 mechanisms have lower but still acceptable
performance on simulating NOx perturbed methanol
combustion, in average with E < 50. The other mecha-
nisms have lower performance (average E > 50), which
was not unexpected as most of these mechanisms were
not validated to simulate methanol combustion in the
wide range of experimental conditions.
Despite the failed simulations, Saxena-2007, Glarborg-

2018, POLIMI-2019, Shrestha-2019, Aranda-2013, and
GDFKin3.0-2016 were the best for JSR simulations, with
E< 30 on average. Shrestha-2019 was significantly the best
for TFR simulations and GDFKin3.0-2016, Glarborg-2018,
Zaragoza-2016, POLIMI-2014, and Saxena-2007 had also
decent performance with E < 40. On ST outlet concentra-
tion simulations, the tendencies are slightly different. The
best performances had the Zaragoza-2011, Alzueta-2001,
Zaragoza-2016, Glarborg-2018, and Rasmussen-2008
mechanisms, respectively, with around E = 10. The other
mechanisms have significantly worse performance here.
However, the ST results have less weight in the overall
results, due to the lower number of datasets than those of
JSR or TFR. Note, that the different tendencies here are
probably due to the different chemistry of these experi-
ments, as C3H6O3/NO2 systems were investigated in these
datasets. C3H6O3 is 1,3,5-trioxane, which decomposes to
three formaldehyde molecules at high temperatures so
its combustion can be described with the mechanisms of
oxygenated C1 species.
Two further mechanisms were created and tested in this

work. The methanol oxidation submechanism of the best
two mechanisms (Shrestha-2019 and Glarborg-2018) was
replacedwith our previously optimizedmethanol combus-
tion mechanism developed by Olm et al.,8 which already
includes the reactions of our optimized hydrogen and syn-
gas mechanisms by Varga et Al.47,48 The rate parame-
ters of nine N/H/O reactions were also updated based
on our previous optimization study49 related to the com-
bustion of hydrogen doped with NOx. These optimization
studies were carried out using a large number of exper-
imental and theoretical data related to the specific sys-
tem, and we may assume that these optimized mecha-
nisms have the best performance on simulating the com-
bustion of these systems. Including these mechanisms as
submechanisms into the best literature NOx mechanisms
can be considered as extending our optimized methanol
mechanism with NOx reactions. These new mechanisms
can also be downloaded from the Respecth site.31 Table 2
shows the error function values belonging to these reac-

F IGURE 2 Stacked bar plot of the frequencies when the
mechanisms could reproduce a dataset within a given threshold of
the estimated standard deviation of the dataset. See text for further
explanation [Color figure can be viewed at wileyonlinelibrary.com]

tion mechanisms (ELTE+Shrestha and ELTE+Glarborg).
The overall performance of these mechanisms is very sim-
ilar, which may be due to the significant influence of the
methanol submechanism. The overall error function val-
ues changed from 20.2 to 27.3 and from 31.3 to 27.4 for the
Shrestha and Glarborg mechanism pairs, respectively. It
means that the replacement of the methanol submecha-
nism and the N/H/O reactions caused decreasing perfor-
mance in the case of the Shrestha-2019, but improvement
in the case of the Glarborg-2018 mechanism. The perfor-
mance of the mechanisms on the simulation of JSR exper-
iments improved significantly in the case of Shrestha-2019
mechanism (from27.3 to 21.3) and slightly in the case of the
Glarborg-2018 mechanism (from 22.2 to 22.0). In the case
of TFR experiments, the performance of the Shrestha-2019
mechanism deteriorated from 16.4 to 31.3 but improved
for Glarborg-2018 mechanism from 36.8 to 30.7. The most
significant improvement was obtained with the Shrestha-
2019 mechanism at the ST outlet concentration simula-
tions (E decreased from 29.7 to 8.5), but at the same time
E increased from 10.2 to 14.6 in the case of ST simulations
with the Glarborg-2018 mechanism.
Further comparisons of the mechanisms based on OS

simulations can be seen inFigures 2 and 3,where the distri-
bution of the error function values is visualized. The cor-
responding figures obtained with FM can be seen in Fig-
ures S1 and S2 of the Supplementary Material, Part 1. Fig-
ure 2 shows the frequencies of datasets that were repro-
duced by the mechanisms within a given threshold of the
multiple of the estimated standard deviation. For exam-
ple, in the case of the Shrestha-2019 mechanism, 46.7% of
the datasets were reproduced within 3σ threshold, which
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KOVÁCS et al. 889

F IGURE 3 Boxes and whiskers plot of the distribution of the
error function values of the datasets according to the mechanisms.
See text for further explanation [Color figure can be viewed at
wileyonlinelibrary.com]

means that 46.7% of the datasets have E < 9. The order of
the mechanisms in this figure was determined based on
this “<3σ” value with the best mechanism at the top of the
figure. It resulted a quite different order compared with
Table 2, where the base of the order was the mean error
function value. Here, the error function values were not
considered, only the count of them within the thresholds.
The high values of the outliers can significantly increase
the mean error function value resulting in lower ranking
in Table 2. Figure 3 shows the boxes and whiskers plot of
the error function values of the datasets according to the
mechanisms. Here, the order is based on themean value as
well as in Table 2. The median values are also shown, and
the boxes correspond to the IQR interquartile range (how-
ever, here the first quartile means the best performance)
and the whiskers denote the range within 1.5IQR. The out-
liers are defined here as the values out of 1.5IQR. In this
figure, the increase of the mean values due to the outliers
is well visible.
Based on these comparisons, Shrestha-2019, Glarborg-

2018, and their two modified mechanisms (ELTE+
Shrestha, ELTE+Glarborg) were chosen for further inves-
tigations using local sensitivity and uncertainty analyses.

4 LOCAL SENSITIVITY ANALYSIS

Brute force local sensitivity analysis50,51 was carried out
with the four consideredmechanisms at the filtered exper-

imental data (2373 data points in 225 datasets). The sen-
sitivity coefficients of the measured concentrations with
respect to the A preexponential Arrhenius parameters
for each reaction, and also the constant pressure molar
heat capacities (𝑐⊖

p,𝑗
(298.15 K)), standard enthalpies of for-

mation (Δf𝐻
⊖
𝑗
(298.15 K)) and entropies (𝑆⊖

𝑗
(298.15 K))

of each species of these mechanisms were investigated.
Langer et al.52 recently published an article on the inves-
tigation of the importance of kinetic and thermodynamic
parameters in several nitrogen chemistry combustion sys-
tems using local sensitivity and uncertainty analyses.
In the case of the sensitivity analysis of kinetic parame-

ters, the effect of+5% relative perturbation of the A factors
was investigated. In the case of the sensitivity analysis of
thermodynamic properties, the effect of the absolute per-
turbation of the corresponding NASA polynomial parame-
ters was investigated. The NASA polynomials describe the
temperature dependence of the thermodynamic properties
in the mechanisms.53 For species j, these generalized poly-
nomials are the following:

𝑐⊖
p,𝑗 (𝑇)

𝑅
= 𝑎1,𝑗 + 𝑎2,𝑗𝑇 + 𝑎3,𝑗𝑇

2 + 𝑎4,𝑗𝑇
3 + 𝑎5,𝑗𝑇

4 (2)

Δf𝐻
⊖
𝑗 (𝑇)

𝑅𝑇
= 𝑎1,𝑗 +

𝑎2,𝑗

2
𝑇 +

𝑎3,𝑗

3
𝑇2

+
𝑎4,𝑗

4
𝑇3 +

𝑎5,𝑗

5
𝑇4 +

𝑎6,𝑗

𝑇
(3)

𝑆⊖
𝑗 (𝑇)

𝑅
= 𝑎1,𝑗 ln 𝑇 + 𝑎2,𝑗𝑇 +

𝑎3,𝑗

2
𝑇2

+
𝑎4,𝑗

3
𝑇3 +

𝑎5,𝑗

4
𝑇4 + 𝑎7,𝑗 (4)

The 𝑐⊖
p,𝑗

constant pressure heat capacities were perturbed
with an absolute value of +0.08314 J/mol/K via the +0.01
perturbation of a1,j. This means a temperature indepen-
dent shift of the 𝑐⊖

p,𝑗
values. The perturbation of a1,j affects

the calculated enthalpies of formation and entropies, and
the perturbation is higher at higher temperatures due to
the a1,jRT and a1,jRln T terms in the calculation of Δf𝐻

⊖
𝑗

and 𝑆⊖
𝑗
, respectively. The Δf𝐻

⊖
𝑗
enthalpies of formation

were perturbed with an absolute value of +24.79 J/mol
at 298.15 K via the +2.9815 K perturbation of a6,j. The
𝑆⊖
𝑗
entropies were perturbed with an absolute value of

+0.08314 J/mol/K via the +0.01 perturbation of a7,j. These
perturbations of Δf𝐻

⊖
𝑗
and 𝑆⊖

𝑗
are temperature indepen-

dent and the perturbation values were carefully chosen to
be within the range of the linear effect.
Table 3 shows the comparison of the most frequently

sensitive reactions of the mechanisms. The first 20
reactions with the highest frequencies of significant

 10974601, 2021, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/kin.21490 by E

otvos L
orand U

niversity, W
iley O

nline L
ibrary on [17/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



890 KOVÁCS et al.

T
A
B
L
E

3
C
om

pa
ris
on

of
th
e
ov
er
al
ls
en
si
tiv
ity

an
al
ys
is
re
su
lts

of
th
e
ch
em

ic
al
ki
ne
tic

pa
ra
m
et
er
s(
A
pr
ee
xp
on
en
tia
lf
ac
to
rs
)o
ft
he

20
m
os
ts
en
si
tiv
e
re
ac
tio
ns
of
th
e
fo
ur
in
ve
st
ig
at
ed

m
ec
ha
ni
sm

s

Sh
re
st
ha
-2
01
9

G
la
rb
or
g-
20
18

EL
TE

+
Sh
re
st
ha

EL
TE

+
G
la
rb
or
g

R
ea
ct
io
ns

%
|̃𝑠𝑛| 𝑗

R
ea
ct
io
ns

%
|̃𝑠𝑛| 𝑗

R
ea
ct
io
ns

%
|̃𝑠𝑛| 𝑗

R
ea
ct
io
ns

%
|̃𝑠𝑛| 𝑗

C
H
3O
H

+
O
H

=
C
H
2O
H

+
H
2O

68
.0
%

0.
42
52

C
H
3O
H

+
O
H

=
C
H
2O
H

+
H
2O

66
.5
%

0.
36
91

C
H
3O
H

+
O
H

=
C
H
2O
H

+
H
2O

68
.8
%

0.
39
93

C
H
3O
H

+
O
H

=
C
H
2O
H

+
H
2O

69
.5
%

0.
39
09

H
+
O
2
+
M

=
H
O
2
+
M
(L
P)

67
.4
%

0.
30
48

C
H
3O
H

+
O
H

=
C
H
3O

+
H
2O

61
.9
%

0.
32
09

C
H
3O
H

+
O
H

=
C
H
3O

+
H
2O

67
.4
%

0.
37
69

C
H
3O
H

+
O
H

=
C
H
3O

+
H
2O

66
.1%

0.
37
43

O
2
+
H

=
O
H

+
O

67
.2
%

0.
39
36

C
H
2O

+
O
H

=
H
CO

+
H
2O

60
.1%

0.
26
03

H
CO

+
O
2
=
CO

+
H
O
2

57
.6
%

0.
27
92

H
O
2
+
O
H

=
H
2O

+
O
2

57
.9
%

0.
28
50

C
H
3O
H

+
O
H

=
C
H
3O

+
H
2O

66
.0
%

0.
37
29

H
+
O
2
=
O
+
O
H

57
.8
%

0.
30
42

H
CO

+
M

=
H

+
CO

+
M
(L
P)

56
.8
%

0.
26
80

H
+
O
2
=
O
+
O
H

56
.4
%

0.
29
50

C
H
2O

+
O
H

=
H
CO

+
H
2O

64
.7
%

0.
30
45

H
CO

+
O
2
=
CO

+
H
O
2

56
.7
%

0.
27
75

H
O
2
+
O
H

=
H
2O

+
O
2

56
.0
%

0.
28
77

H
CO

+
O
2
=
CO

+
H
O
2

56
.3
%

0.
27
04

H
CO

+
M

=
H

+
CO

+
M
(L
P)

57
.3
%

0.
26
46

CO
+
O
H

=
CO

2
+
H

54
.0
%

0.
33
13

H
+
O
2
=
O
+
O
H

54
.2
%

0.
28
25

H
CO

+
M

=
H

+
CO

+
M
(L
P)

54
.6
%

0.
25
55

N
O
2
+
H

=
N
O
+
O
H

56
.3
%

0.
24
26

H
CO

+
M

=
H

+
CO

+
M

52
.0
%

0.
23
48

N
O
2
+
H

=
N
O
+
O
H

53
.6
%

0.
20
22

CO
+
O
H

=
CO

2
+
H

53
.4
%

0.
30
79

H
CO

+
O
2
=
CO

+
H
O
2

55
.2
%

0.
26
49

H
+
O
2
+
M

=
H
O
2
+
M

48
.8
%

0.
18
99

CO
+
O
H

=
CO

2
+
H

52
.6
%

0.
30
42

N
O
2
+
H

=
N
O
+
O
H

51
.6
%

0.
19
51

CO
+
O
H

=
CO

2
+
H
(D
U
P3
)

43
.6
%

0.
22
15

N
O
2
+
H

=
N
O
+
O
H

48
.3
%

0.
17
76

C
H
2O

+
O
H

=
H
CO

+
H
2O

50
.0
%

0.
21
53

H
+
O
2
+
M

=
H
O
2
+
M
(L
P)

49
.6
%

0.
20
27

C
H
2O

+
O
H

=
H
O
C
H
2O

43
.4
%

0.
13
02

H
O
2
+
O
H

=
H
2O

+
O
2
(D
U
P2
)

46
.1%

0.
19
16

H
+
O
2
+
M

=
H
O
2
+
M
(L
P)

49
.6
%

0.
20
28

N
O
+
H
O
2
=
N
O
2
+
O
H

49
.2
%

0.
23
10

CO
+
O
H

=
CO

2
+
H
(D
U
P2
)

43
.1%

0.
19
54

N
O
+
H
O
2
=
N
O
2
+
O
H

45
.5
%

0.
22
13

N
O
+
H
O
2
=
N
O
2
+
O
H

47
.4
%

0.
23
62

C
H
2O

+
O
H

=
H
CO

+
H
2O

47
.2
%

0.
20
82

H
O
2
+
O
H

=
H
2O

+
O
2
(D
U
P1
)

42
.9
%

0.
19
16

C
H
3O
H

+
N
O
2
=
H
O
N
O
+
C
H
2O
H

40
.3
%

0.
14
69

C
H
3O
H

+
N
O
2
=
H
O
N
O
+
C
H
2O
H

37
.9
%

0.
13
48

C
H
3O
H

+
N
O
2
=
H
O
N
O
+
C
H
2O
H

37
.9
%

0.
13
92

N
O
+
H
O
2
=
N
O
2
+
O
H

38
.3
%

0.
16
29

C
H
2O

+
N
O
2
=
H
O
N
O
+
H
CO

34
.7
%

0.
12
06

H
CO

+
N
O
2
=
N
O
+
CO

2
+
H

28
.4
%

0.
11
64

H
CO

+
N
O
2
=
N
O
+
CO

2
+
H

28
.1%

0.
11
64

C
H
3O
H

+
N
O
2
=
H
O
N
O
+
C
H
2O
H

30
.0
%

0.
11
21

H
CO

+
N
O
2
=
N
O
+
CO

2
+
H

28
.8
%

0.
11
32

C
H
2O

+
N
O
2
=
H
O
N
O
+
H
CO

24
.4
%

0.
09
77

N
O
+
O
H

+
M

=
H
O
N
O
+
M
(L
P)

26
.0
%

0.
13
67

H
CO

+
N
O
=
H
N
O
+
CO

23
.5
%

0.
10
16

H
O
2
+
O
H

=
H
2O

+
O
2
(D
U
P1
)

27
.8
%

0.
07
02

H
CO

+
N
O
=
H
N
O
+
CO

22
.8
%

0.
09
07

C
H
2O

+
N
O
2
=
H
O
N
O
+
H
CO

20
.6
%

0.
09
03

H
CO

+
N
O
2
=
N
O
+
CO

2
+
H

22
.0
%

0.
08
58

N
O
+
O
H

+
M

=
H
O
N
O
+
M

23
.7
%

0.
12
54

N
O
+
O
H

+
M

=
H
O
N
O
+
M
(L
P)

18
.8
%

0.
09
78

C
H
3O
H

+
O
=
C
H
2O
H

+
O
H

18
.3
%

0.
04
82

N
O
2
+
O
=
N
O
+
O
2

20
.8
%

0.
07
12

H
O
2
+
H
O
2
=
H
2O

2
+
O
2
(D
U
P1
)

18
.9
%

0.
05
56

H
N
O
+
O
H

=
N
O
+
H
2O

18
.8
%

0.
06
38

H
CO

+
N
O
=
H
N
O
+
CO

17
.4
%

0.
06
89

C
H
2O

+
N
O
2
=
H
O
N
O
+
H
CO

18
.6
%

0.
08
04

N
O
2
+
O
=
N
O
+
O
2

18
.5
%

0.
05
44

N
O
2
+
O
=
N
O
+
O
2

17
.2
%

0.
05
01

H
O
N
O
+
O
H

=
N
O
2
+
H
2O

16
.8
%

0.
05
12

H
N
O
+
O
H

=
N
O
+
H
2O

18
.2
%

0.
06
09

N
O
2
+
H
O
2
=
H
N
O
2
+
O
2

17
.7
%

0.
06
68

C
H
3O
H

+
O
=
C
H
2O
H

+
O
H

15
.6
%

0.
04
30

N
O
2
+
O
=
N
O
+
O
2

16
.0
%

0.
04
83

C
H
3O
H

+
O
=
C
H
3O

+
O
H

18
.0
%

0.
05
10

H
CO

+
N
O
=
H
N
O
+
CO

17
.4
%

0.
07
04

C
H
3O
H

+
H
O
2
=
C
H
2O
H

+
H
2O

2
15
.6
%

0.
07
76

C
H
3O
H

+
H
O
2
=
C
H
2O
H

+
H
2O

2
15
.4
%

0.
07
63

LP
,l
ow

pr
es
su
re
lim

it
re
ac
tio
ns
;D

U
P,
D
up
lic
at
e
re
ac
tio
ns
.S
ee
te
xt
fo
rf
ur
th
er
ex
pl
an
at
io
n.

 10974601, 2021, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/kin.21490 by E

otvos L
orand U

niversity, W
iley O

nline L
ibrary on [17/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



KOVÁCS et al. 891

TABLE 4 Comparison of the overall sensitivity analysis results of the thermodynamic parameters separately for heat capacities,
enthalpies of formation, and entropies of the 10 most sensitive species of the four investigated mechanisms

Shrestha-2019 Glarborg-2018 ELTE+Shrestha ELTE+Glarborg
Species % |̃𝒔𝒏|𝒋 Species % |̃𝒔𝒏|𝒋 Species % |̃𝒔𝒏|𝒋 Species % |̃𝒔𝒏|𝒋

Heat capacity
OH 88.4% 0.6168 OH 91.4% 0.6808 OH 94.2% 0.7787 OH 94.2% 0.7687
NO 75.8% 0.4011 NO 83.9% 0.4686 NO 75.7% 0.4289 NO 79.9% 0.4467
HONO 54.2% 0.3751 HONO 62.1% 0.4606 NO2 51.9% 0.2755 HONO 59.1% 0.4172
HOCH2O 50.7% 0.2962 NO2 48.8% 0.2895 HONO 49.8% 0.3548 NO2 42.1% 0.2530
CH2O 46.8% 0.2137 HO2 44.7% 0.2382 HO2 43.7% 0.2475 HO2 40.9% 0.2198
NO2 46.7% 0.2321 H2O 35.9% 0.1484 H2O2 31.3% 0.1538 H 31.2% 0.1189
HO2 43.0% 0.2432 O 32.2% 0.0962 H 31.1% 0.1244 H2O 30.5% 0.1270
H2O 36.8% 0.1446 H 29.4% 0.1146 H2O 31.0% 0.1293 O 27.4% 0.0822
H 33.8% 0.1436 O2 26.2% 0.0991 O2 26.0% 0.1049 H2O2 26.5% 0.1335
O2 26.9% 0.1100 N2 21.5% 0.1063 CH3ONO 24.1% 0.0655 O2 25.7% 0.0956
Enthalpy of formation (|̃𝑠𝑠𝑛|𝑗 instead of |̃𝑠𝑛|𝑗)
OH 88.7% 0.7180 OH 91.1% 0.7928 OH 94.6% 0.8449 OH 92.3% 0.8283
NO 78.3% 0.4873 NO 83.5% 0.5624 NO 74.8% 0.4878 NO 78.3% 0.5147
HONO 53.0% 0.3233 HONO 57.3% 0.3867 NO2 49.1% 0.2492 HONO 52.2% 0.3225
NO2 48.9% 0.2180 NO2 48.2% 0.2677 HONO 43.6% 0.2785 NO2 40.2% 0.2317
CH2O 47.7% 0.2444 HO2 45.6% 0.2215 HO2 43.3% 0.2208 HO2 39.6% 0.1916
HOCH2O 46.4% 0.2313 O 38.3% 0.1376 H 36.4% 0.1807 H 35.1% 0.1694
HO2 45.0% 0.2401 H 36.8% 0.1716 O2 35.6% 0.1327 O 33.6% 0.1189
H2O 44.1% 0.2028 H2O 36.6% 0.1589 H2O 34.0% 0.1203 H2O 32.5% 0.1120
O2 42.2% 0.1852 O2 36.0% 0.1403 CH3OH 30.9% 0.1053 O2 31.6% 0.1166
H 40.8% 0.2167 CH3OH 33.5% 0.1350 O 29.8% 0.1022 H2O2 23.6% 0.0937
Entropy
OH 89.1% 0.6512 OH 90.7% 0.7109 OH 94.2% 0.7902 OH 93.8% 0.7847
NO 77.7% 0.4907 NO 84.7% 0.5520 NO 76.9% 0.4965 NO 80.5% 0.5190
HONO 54.7% 0.3715 HONO 60.1% 0.4484 NO2 52.8% 0.2829 HONO 57.5% 0.3926
NO2 50.4% 0.2520 NO2 51.2% 0.3024 HONO 47.5% 0.3350 NO2 42.9% 0.2582
HOCH2O 50.1% 0.2871 HO2 46.5% 0.2595 HO2 45.0% 0.2554 HO2 41.2% 0.2263
CH2O 49.1% 0.2465 O 35.6% 0.1120 H 29.8% 0.1069 O 30.2% 0.0947
HO2 46.1% 0.2690 H2O 31.4% 0.1265 H2O2 29.4% 0.1339 H 29.4% 0.1028
H 33.7% 0.1368 H 28.3% 0.1050 H2O 29.0% 0.1104 H2O 28.8% 0.1094
H2O 32.3% 0.1267 O2 26.9% 0.1023 O2 28.1% 0.1127 O2 25.5% 0.0993
O2 32.1% 0.1328 CH3OH 23.0% 0.0945 O 26.8% 0.0822 H2O2 24.7% 0.1147

sensitivities from the four considered mechanisms are
shown. Tables S6–S8 of the SupplementaryMaterial, Part 1
show the sensitivity analysis results compared according to
experiment type for OS and FM as well. Table 4 provides
the comparison of the most frequently sensitive species
of the mechanisms. The first 10 species of each thermo-
dynamic property with the highest frequencies of signif-
icant sensitivities from the four considered mechanisms
are shown. A sensitivity coefficient is considered signifi-
cant if its normalized absolute value is higher than 10%
of the highest absolute normalized sensitivity coefficient

of this data point. The frequency values (the % columns
in Tables 3 and 4) show the ratio of these important data
points to all data points. The |̃𝑠𝑛|𝑗 values in Tables 3 and 4
are the mean scaled absolute normalized sensitivity coeffi-
cients:

|̃𝑠𝑛|𝑗 = 1

𝑁𝑖

𝑁𝑖∑
𝑖=1

|||𝑠𝑛𝑖𝑗|||
max |𝑠𝑛|𝑖 (5)

Here, i is the index of the data point and j is the index of
the reaction or the thermodynamic parameter of a species
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(𝑐⊖
p,𝑗

(298.15 K) or 𝑆⊖
𝑗
(298.15 K)), snij is the normalized

sensitivity coefficient, which can be calculated in the finite
differentiate approximation in the case of relative pertur-
bation as 𝑠 𝑛𝑖𝑗 = (𝑌′

𝑖
− 𝑌𝑖)∕(𝑓pert𝑌𝑖) , where Yi is the sim-

ulation result of data point i, 𝑌′
𝑖
is the perturbed value

and fpert is the perturbation factor. In the case of abso-
lute perturbation 𝑠𝑛𝑖𝑗 = (𝑝𝑗∕𝑑)(𝑌

′
𝑖
− 𝑌𝑖)∕𝑌𝑖 , where d is

the absolute value of perturbation added to parameter
pj. The scaling of the normalized sensitivity coefficients
described with Equation (5) were done by dividing with
the maximum kinetic, heat capacity, or entropy normal-
ized sensitivity coefficient of a data point in the case of a
kinetic, heat capacity, or entropy parameter, respectively.
In the case of Δf𝐻

⊖
𝑗
(298.15 K) enthalpies of formation

the normalization described above cannot be implemented
as the enthalpies of formation of the different species
with different signs and orders of magnitudes would bias
the results. For that reason, the semi-normalized sen-
sitivity coefficients of these parameters are investigated
with absolute perturbation according to equation 𝑠𝑠𝑛𝑖𝑗 =

(𝑌′
𝑖
− 𝑌𝑖)∕(𝑑 ⋅ 𝑌𝑖) and |̃𝑠𝑠𝑛|𝑗 , the equivalent of |̃𝑠𝑛|𝑗 in

Equation (5) is calculated with the semi-normalized sensi-
tivity coefficient to identify the parameters with significant
sensitivities.
According to Table 3, the sensitivity analysis results

of parameters A of the four mechanisms are in good
agreement with minor differences. The reactions with the
highest frequency of significant sensitivities are the two
channels of the CH3OH + OH reaction with frequencies
between 60 and 70% in the case of the Glarborg-2018,
ELTE+Shrestha, and ELTE+Glarborg mechanisms. The
highest mean scaled normalized sensitivity coefficients
belong to these reactions as well with a value around 0.4.
In the case of the Shrestha-2019 mechanism, the reactions
of H + O2 are also among the most important reactions
besides the CH3OH + OH reactions, but the H + O2 reac-
tions are also important in the cases of the other mecha-
nisms. The next reactions in the list correspond to HCO
and CH2O. The most important nitrogen-containing reac-
tion is the NO2 +H = NO + OH in the case of each mech-
anism. The most important (and only) reactions related
to the interaction between methanol or formaldehyde and
NOx in the table are the following two H-abstraction
reactions:

CH3OH + NO2 = HONO + CH2OH (R1)

CH2O + NO2 = HONO +HCO (R2)

The frequency of significant sensitivity of these reactions
arewithin 20–40%, the |̃𝑠𝑛|𝑗 values arewithin 0.08–0.15 for
all mechanisms. These reactions can be the subject of fur-

ther investigations as the only reactions with significant
sensitivity related specifically to the methanol/NOx sys-
tem.
The comparison of the sensitivities of different thermo-

dynamic properties is a challenging task, due to their dif-
ferent nature like their definition or unit, that is why their
scaling (see Equation (5)) and comparison were done sep-
arately in Table 4. Based on this table, the sensitivity anal-
ysis results of the thermodynamic properties are also in
agreement for the four mechanisms. The species with the
most sensitive parameters are OH and NO regardless the
thermodynamic property or mechanism, with frequencies
between 70 and 95% and |̃𝑠𝑛|𝑗 or |̃𝑠|𝑗 values around 0.3–
0.8. Besides that, HONO and NO2 usually also have high
sensitivities with frequencies around 40–60% and |̃𝑠𝑛|𝑗
or |̃𝑠|𝑗 values within 0.2–0.4. Further important parame-
ters can be identified based on Table 4, for example, the
heat capacity, enthalpy of formation, and entropy of HO2.
Other species, like H, H2O, O, and O2, also play a relatively
important role in general, as others, like H2O2, CH3OH,
or CH3ONO in some cases. The results of the Shrestha-
2019 mechanism are slightly different from the other three
mechanisms. Species HOCH2O and CH2O appears among
the most important species, but the frequencies and |̃𝑠𝑛|𝑗
or |̃𝑠|𝑗 values of thismechanism are lower than those of the
other three mechanisms for the same species.

5 LOCAL UNCERTAINTY ANALYSIS

Local uncertainty analysis is a suitable method to investi-
gate further the mechanisms of MeOH/NOx combustion.
This analysis is a linear estimation of the variances of
model results from the variances of the parameters. The
main information obtained with this analysis is the ori-
gin of uncertainty of the simulated results and the con-
tribution of the uncertainty of the model parameters to it.
Themethod has been discussed in detail by Turányi et al.51
and Zádor et al.54 and a brief summary is given here with
slightly different notations. If parameters pj of a model are
not correlated, the variance of model output Yi can be cal-
culated according to the following equations:

𝜎2
G𝑗 (𝑌𝑖) =

(
𝜕𝑌𝑖

𝜕𝑝𝑗

)2

𝜎2
(
𝑝𝑗

)
(6)

𝜎2
G (𝑌𝑖) =

∑
𝑗

𝜎2
G𝑗 (𝑌𝑖) (7)

Here, subscript G refers to a group of parameters. This
way we can investigate the uncertainty contribution for
example the kinetic parameters or a separable group of
them like those of the reactions of the nitrogen containing
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KOVÁCS et al. 893

species, or the uncertainty contribution of thermodynamic
species.
In the case of kinetic parameters (G = K), pj = ln Aj ,

the logarithm of the A Arrhenius parameter of the j-
th reaction, (∂Yi/∂pj)2 = (∂Yi/∂ln Aj)2 , the square of the
related semi-normalized sensitivity coefficient, and σ2 (pj)
= σ2 (ln Aj) the variance of the logarithmic A Arrhenius
parameter, which is equal to the variance of the loga-
rithmic rate coefficient σ2(ln kj) if the temperature depen-
dence is not taken into account. The σ2(ln kj) can be deter-
mined based on the following equation51,55:

𝜎2
(
ln 𝑘𝑗

)
=
((
𝑓𝑗 ln 10

)
∕3

)2
(8)

Here, fj is the uncertainty parameter of the j-th reaction
defined as:

𝑓𝑗 = log10

(
𝑘0
𝑗

𝑘min
𝑗

)
= log10

(
𝑘max
𝑗

𝑘0
𝑗

)
(9)

where 𝑘0
𝑗
is the recommended value of the rate coefficient

of reaction j and 𝑘min
𝑗

and 𝑘max
𝑗

are the extreme values; rate
coefficients outside the [𝑘min

𝑗
, 𝑘max

𝑗
] interval are considered

physically nonrealistic by the evaluators.
In the case of thermodynamic parameters (G = T), the

uncertainty contribution of the constant pressure heat
capacities was investigated, when pj = a1,j and (∂Yi/∂pj)2 =
(∂Yi/∂a1,j)2 , which is the squared local sensitivity coef-
ficient of the a1,j parameter. In this work, the uncer-
tainty contribution of the standard enthalpies of formation
(when pj = a6,j ) and the standard entropies (when pj =
a7,j ) was also considered.
The sum of the variances of the uncorrelated groups of

parameters provides the variance of the model results:

𝜎2 (𝑌𝑖) =
∑
G

𝜎2
G(𝑌𝑖) (10)

The SG%ij percentage contribution of parameter group G
and S%ij percentage contribution of parameter j to the
uncertainty of simulation results can be also calculated,
according to Equations (11) and (12), respectively.

𝑆G%𝑖𝑗 =
𝜎2
G (𝑌𝑖)

𝜎2 (𝑌𝑖)
× 100% (11)

𝑆%𝑖𝑗 =
𝜎2
𝑗 (𝑌𝑖)

𝜎2 (𝑌𝑖)
× 100% (12)

Local uncertainty analysis of the four considered mech-
anisms was carried out. Uncertainty parameters f of
the reaction steps of the mechanisms were collected

mainly from review papers by Baulch et al.,56–58 Atkinson
et al.,59–61 DeMore et al.,62 and Tsang et al.63–66 Also, the
uncertainties of some direct experimental and theoretical
determinations of the rate coefficients were taken from the
NISTChemical Kinetic Database.67 In the lack of literature
information or when only unreliable data were found, fj
= 1 was assumed. This way the uncertainty parameters
f of 881 reaction steps of the four mechanisms were col-
lected or estimated wherein 428 uncertainty parameters
were assumed to be fj = 1. The uncertainty of the rate coef-
ficient of reaction R1 has not been investigated yet, and
the uncertainty factor of reaction R2 was estimated as fj =
0.3 by Tsang et al.,64 which we considered as too low. Due
to the importance of these reactions in the methanol/NOx
system, the temperature-dependent uncertainty bands of
these reactions were determined. The results of the deter-
mination can be seen in Figure S3 of the Supplementary
Material, Part 1. A more detailed description of the deter-
mination of the prior uncertainty of the rate coefficients of
these reactions is available in the k-evaluationweb page.68
This interactive website is a database that currently con-
tains the Arrhenius parameters of more than 100 gas phase
elementary reactions determined in direct measurements,
theoretical calculations or have been used in modeling
studies. The users of thewebsitemay recalculate the uncer-
tainty limits of the rate coefficients. This way the mean
uncertainty parameter value was estimated to be fj = 2
for both reactions R1 and R2 as the temperature depen-
dence was not considered at present in our local uncer-
tainty analysis. These fj values indicate the rate parame-
ters of these two reactions are really highly uncertain. The
ELTE+Shrestha and ELTE+Glarborg mechanisms con-
tain previously optimized hydrogen oxidation, methanol
and formaldehyde oxidation, and N/H/O submechanisms,
which include the optimized parameters of 47 important
reactions. The fposterior(T) posterior uncertainty parame-
ters of these reactions were also determined during the
optimization and the temperature-mean values of them
were used here as fj values, since the temperature depen-
dence of the uncertainty of the rate coefficients was not
considered here.
The uncertainty contributions of thermodynamic

parameters were also investigated. The 𝜎(Δf𝐻
⊖
𝑗

(298.15 K)) values were collected from the ATcT database
by Ruscic and Bross.69 This way the uncertainty of
enthalpy of formation of 86 species were collected. In
the few cases of missing information in this database
(12 species), either the data collection of Sander et al.70
or the estimated uncertainty based on similar species
were applied. The literature data for the 𝜎(𝑆⊖

𝑗
(298.15 K))

uncertainties of gas phase entropies and 𝜎(𝑐⊖
p,𝑗

(298.15 K))

uncertainties of heat capacities are much more lacking.
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894 KOVÁCS et al.

TABLE 5 Comparison of the uncertainty contribution of the thermodynamic and kinetic parameters of the four investigated
mechanisms according to experiment types

𝝈𝟐
𝐊
(𝒀𝒊) 𝝈𝟐

𝐓
(𝒀𝒊) σ2(Yi) SK%ij ST%ij

JSR Shrestha-2019 5.20 × 10–5 1.09 × 10–6 5.31 × 10–5 97.9% 2.1%
Glarborg-2018 5.84 × 10–5 1.42 × 10–6 5.98 × 10–5 97.6% 2.4%
ELTE+Shrestha 2.23 × 10–5 9.03 × 10–6 3.13 × 10–5 71.2% 28.8%
ELTE+Glarborg 2.06 × 10–5 9.32 × 10–6 3.00 × 10–5 68.9% 31.1%

TFR Shrestha-2019 1.33 × 10–3 3.59 × 10–5 1.37 × 10–3 97.4% 2.6%
Glarborg-2018 1.36 × 10–2 8.12 × 10–5 1.37 × 10–2 99.4% 0.6%
ELTE+Shrestha 2.56 × 10–4 1.86 × 10–5 2.74 × 10–4 93.2% 6.8%
ELTE+Glarborg 1.12 × 10–4 2.05 × 10–5 1.32 × 10–4 84.5% 15.5%

ST Shrestha-2019 8.33 × 10–4 3.41 × 10–5 8.67 × 10–4 96.1% 3.9%
Glarborg-2018 8.70 × 10–4 4.18 × 10–5 9.12 × 10–4 95.4% 4.6%
ELTE+Shrestha 9.35 × 10–4 3.46 × 10–5 9.70 × 10–4 96.4% 3.6%
ELTE+Glarborg 8.91 × 10–4 5.03 × 10–5 9.41 × 10–4 94.7% 5.3%

Overall Shrestha-2019 2.22 × 10–3 7.11 × 10–5 2.29 × 10–3 96.9% 3.1%
Glarborg-2018 1.46 × 10–2 1.24 × 10–4 1.47 × 10–2 99.2% 0.8%
ELTE+Shrestha 1.21 × 10–3 6.21 × 10–5 1.28 × 10–3 95.1% 4.9%
ELTE+Glarborg 1.02 × 10–3 8.01 × 10–5 1.10 × 10–3 92.7% 7.3%

σ2 values show the absolute variances of the corresponding parameter group,whereas S% values show the percentage contribution of them to the overall uncertainty
of the experiment type by the given mechanism. (subscripts: K, kinetic contribution; T: thermodynamic contribution; none: overall values).

The uncertainty of entropy of 30 key species were obtained
from or estimated based on the data collections by Cox
et al.,71 Chase,72 and Sander et al.70 The NASA polyno-
mials of the 17 investigated mechanisms were used to
determine uncertainty to the other 56 species without
specified uncertainty of entropy and to the heat capacity
of all the 86 species. The temperature functions of these
properties of these species were calculated based on the
polynomials and the mean difference in the temperature
range of 1500–2000 K of the recommended (usually the
Glarborg-2018 or the mean value in lack of data) and the
most extreme function (excluding outliers) was assigned
to be the uncertainty of the given property of the given
species. This way 258 uncertainties were collected or esti-
mated assigned to heat capacities, enthalpies of formation,
and entropies. Then they were divided by R as the effect
of the a1,j, a6,j, and a7,j parameters was investigated. More
details about it and all the collected and estimated uncer-
tainties of the thermodynamic and kinetic parameters can
be found in the Supplementary Material, Part 2.
Table 5 shows the comparison of the uncertainty con-

tribution of the thermodynamic and kinetic parameters of
the four investigatedmechanisms according to experiment
types. Table 5 also shows the percentage ratio of the uncer-
tainty contribution of these parameter groups to the σ2(Yi)
overall uncertainty of the mechanisms, which is the sum
of all the calculated uncertainties of the simulation results
with the given mechanism according to Equations (6), (7),
and (10).

Based on Table 5, the highest uncertainty belongs to
the Glarborg-2018 mechanism with σ2 (Yi) = 1.47 × 10−2,
and the Shrestha-2019 and ELTE+Shrestha mechanisms
have lower overall uncertainties by an order of magnitude
with σ2 (Yi) = 2.29 × 10−3 and 1.28 × 10−3, respectively.
The overall uncertainty of the ELTE+Glarborg mecha-
nism is the lowest with the value of σ2 (Yi) = 1.10 × 10−3.
The main contribution of the overall uncertainty is due
to the kinetic parameters to the TFR simulation results
in the case of Glarborg-2018 and Shrestha-2019, but in the
caseELTE+Shrestha andELTE+Glarborgmechanism, the
highest contribution is due to the kinetic uncertainty of ST
simulations. The thermodynamic parameters have signifi-
cant overall uncertainty contributions in some cases, espe-
cially for JSR simulations with the ELTE-modified mech-
anisms where posterior uncertainties obtained from opti-
mization were used for some kinetic parameters. These
posterior uncertainties were much lower than the prior
ones used in the uncertainty analyses of the Shrestha-2019
and Glarborg-2018 mechanisms.
More valuable information could be obtained via inves-

tigating not only the overall uncertainties, but also the con-
tribution to the uncertainty of a specific group of simula-
tion results. Note, that all the Yi model outputs are from
the simulations of concentration profiles expressed inmole
fractions, so all the σ2(Yi) values are unitless. Usually, the
order of magnitude of the measured concentrations of dif-
ferent species can vary widely, and so the variances, there-
fore the comparison of the absolute values of the variances
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KOVÁCS et al. 895

is not sufficient. More information could be obtained via
the investigation of the percentage uncertainty contribu-
tion of a group of parameters to a group of simulation
results. For example, the uncertainty contribution of the
parameters of nitrogen containing reactions to the simu-
lation of NO outlet concentrations in JSRs can be investi-
gated. Figure 4 shows the results of this type for the inter-
pretation of the local uncertainty analysis results of the
four mechanisms.
The distributions of uncertainty contribution between

parameter groups are in a relatively good agreement for
the mechanisms except for in a few cases. In general, the
main part of the uncertainty of the simulation results is
due to the uncertainty of nitrogen chemistry. However,
the CO and CO2 profiles in JSRs, and the CO profiles in
TFRs have significant uncertainties due to the parame-
ters of H2/O2 and syngas reactions, especially in the case
of Shrestha-2019 and Glarborg-2018 mechanisms. In these
mechanisms, the parameters of hydrogen oxidation and C1
chemistry as the oxidation of methanol and formaldehyde
dominate the uncertainty of H2O, CH2O, and CH3OH pro-
files in JSRs and (next to the nitrogen chemistry) the uncer-
tainty of CH2O, NO, and NO2 profiles in TFRs. The uncer-
tainty in ST simulations is mainly from the nitrogen chem-
istry. The overall effect of the thermodynamic contribution
is not significant; however, it is unexpectedly important in
some cases. The main origin of the thermodynamic uncer-
tainty is parameter a1,j, which means the uncertainty of
the heat capacity, but which also causes a high uncertainty
of the calculated enthalpies of formation and entropies at
high temperatures. The room temperature uncertainties of
enthalpies of formation and entropies (parameters a6,j and
a7,j), which cause temperature independent shifts of these
values are relatively small and their effect can be barely
seen in the figure. Note, that this is due to the chemical
kinetics of the investigated system and the uncertainties of
these parameters may cause large uncertainty of the simu-
lation results in other chemical systems, like the low tem-
perature oxidation of hydrocarbons.73 Calculated concen-
trations of several species have been influenced remark-
ably by the thermodynamic parameters mainly in JSR sim-
ulations with the ELTE modified mechanisms, but COx
and NOx species have been affected in TFRs as well with
all mechanisms. But the uncertainty of other species in
TFRs and STs also has considerable thermodynamic effect.
The largest of such effects have been obtained for CH2O
profile in JSRs with ELTE+Shrestha mechanism. About
80% of the uncertainty of these simulation results have
of thermodynamic origin. The second largest thermody-
namic effect, about 60%, was obtained for CO2 profile in
TFRs with Shrestha-2019 mechanism. The effect of using
posterior uncertainties is clearly visible at all the JSR and
the overall TFR data, where the thermodynamic contribu-

F IGURE 4 The percentage contribution of the uncertainty of
a parameter group to the uncertainty of a specific group of
simulation results. The effects of parameter groups defined in the
label at the top of the figure were investigated. The grouped
simulation results are the outlet concentrations in mole fraction of
the given species from the given reactor according to the y-axis. The
overall values for a reactor (at the bottom of the panel of the reactor)
and for a species (in the bottom panel) are also shown. The four bars
within a bar-group of a species correspond to the mechanisms from
top to bottom in the following order: Shrestha-2019, Glarborg-2018,
ELTE+Shrestha, and ELTE+Glarborg [Color figure can be viewed
at wileyonlinelibrary.com]
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896 KOVÁCS et al.

(A) (B)

(C) (D)

F IGURE 5 Parameters with the largest uncertainty contributions of the (A) Shrestha-2019, (B) Glarborg-2018, (C) ELTE+Shrestha, and
(D) ELTE+Glarborg mechanisms. The uncertainty contributions of the ln kj value of the reactions or the heat capacity of the species in the
y-axis to the simulated value of a given species in x-axis in a reactor named at the top of the corresponding panels was investigated. The size of
the circles in the corresponding intersection shows the percentage contribution according to the scale in the right-hand side of the figures.
The overall values for a reactor and for a species are also shown

tion of the ELTE+Glarborg and ELTE+Shrestha mecha-
nisms is larger than for the original mechanisms due to the
lower fj values of 60 optimized kinetic parameters.
The origin of the uncertainties can be determined in

an even more detailed way by considering the contribu-
tions of individual parameters to the group of model out-
puts. Figure 5 shows the more detailed results of the local
uncertainty analysis via the parameters with largest uncer-
tainty contribution of the (A) Shrestha-2019, (B) Glarborg-
2018, (C) ELTE+Shrestha, and (D) ELTE+Glarborg mech-
anisms. The figures show the first 20 reactions and species
in the order based on the overall uncertainty contribution
of their investigated property (ln kj or 𝑐

⊖
p,𝑗
).

As it can be clearly seen on Figure 5, the reactions with
the highest uncertainty contribution are:

CH3OH + NO2 = HONO + CH2OH (R1)

CH2O + NO2 = HONO +HCO (R2)

The uncertainty of R1 causes the 50.5%, 91.1%, 18.5%,
and 9.2%, whereas the uncertainty of R2 causes the
29.5%, 5.0%, 57.6%, and 62.03% of the overall uncer-
tainty of Shrestha-2019, Glarborg-2018, ELTE+Shrestha,
and ELTE+Glarborg mechanisms, respectively. R1 is the

most significant for the TFR and JSR, whereas R2 is the
most significant in the ST measurements. The JSR and
TFR measurements correspond to methanol experiments,
whereas the ST measurements correspond to formalde-
hyde experiments. The overall picture is similar in the
cases of the four mechanisms, and there are only slight
differences regarding the order of the parameters. Some
of the further reactions with high uncertainty contribu-
tion for all the mechanisms are HCO + NO2 = NO +

CO2 + H, CH2O + NO2 = HNO2 + HCO, and CH3OH +

OH=CH2OH+H2O. The thermodynamic propertieswith
the highest uncertainty contributions are the heat capac-
ity of HNO, OH, HO2, and NO2, as these species appear
most frequently in Figure 5 with significant contribution
values, and those of H2O2, H2O, and HONO can also be
mentioned.

6 CONCLUSIONS

A comprehensive comparison of 17 recent reaction
mechanisms describing the interaction of methanol and
formaldehyde with nitrogen oxides in combustion systems
was carried out based on large number of experimental
data collected from literature. This collection consists of
2552 data points in 243 datasets related to concentration
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KOVÁCS et al. 897

profile measurements in JSRs, TFRs, and STs. Simulation
of these data were carried out with FlameMaster 4.0.0,
FlameMaster 4.2.1 and OpenSMOKE++ 0.12.0. The
results obtained with OpenSMOKE++ are presented in
the main text due to the slightly more stable performance
of this solver for JSR simulations, and the results obtained
with FlameMasters are given in the Supplementary Mate-
rial, Part 1. Based on this comprehensive comparison,
the Shrestha-2019 and Glarborg-2018 mechanisms have
the best performance on the simulation of CH3OH/NOx
and CH2O/NOx experiments, whereas the GDFKin3.0-
2018, POLIMI-2014, and POLIMI-2019 mechanisms have
acceptable performance. The other mechanisms have
moderate or poor performance, although not all the
investigated mechanisms were created for or validated
to simulate methanol combustion. Note, that the overall
error function value of the Shrestha-2019 mechanism is
around E = 20, which means even the best mechanism
can reproduce the experimental datasets only beyond the
4σ boundaries (E = 16) on average. This fact indicates the
necessity of further investigations and development of
mechanisms for this chemical system.
The two best mechanisms (Shrestha-2019 and Glarborg-

2018) and the modified versions of them (ELTE+Shrestha
and ELTE+Glarborg) were chosen for further analyses.
The modified versions were created with the replacement
of the hydrogen, syngas, andmethanol oxidation submech-
anisms and the parameters of nine N/H/O reactions of the
original mechanisms to the optimized ones from our pre-
vious studies. The local sensitivity analysis of these four
mechanisms was carried out and comparison of the results
were provided. In the case of each mechanism, the most
important reactions related to the interaction of C1 species
andNOxwere the CH3OH+NO2 =HONO+CH2OH (R1)
and the CH2O + NO2 = HONO + HCO (R2) hydrogen-
abstraction reactions. The sensitivity of thermodynamic
parameters was also considered and the sensitivity of the
thermodynamic properties of species OH, NO,HONO, and
NO2 were found to be significant.
Local uncertainty analysis of these mechanisms was

also carried out for identifying the uncertainty contribu-
tions of the kinetic and thermodynamic parameters of the
mechanisms to the uncertainty of the simulation results.
To perform this analysis, large number of kinetic and ther-
modynamic uncertainty parameters was collected from
the literature or estimated, which are summarized in the
Supplementary Material, Part 2. The largest uncertainty
contributions were usually assigned to the parameters of
nitrogen containing reactions. The highest contribution
belonged to reactions R1 and R2 in the case of each
mechanism. For example, in the case of Glarborg-2018
mechanism, 91.1% of the overall uncertainty is caused
by R1. Some further reactions, like HCO + NO2 = NO +

CO2 + H, CH2O + NO2 = HNO2 + HCO, and CH3OH +

OH = CH2OH + H2O have also significant uncertainty
contribution in the cases of all mechanisms. Based on the
uncertainty analysis results, reactions R1 and R2 require
further investigations. The reduction of their uncertainties
could be efficient to reduce the overall uncertainties
related to the simulation of MeOH/NOx systems. The
usage of optimized parameters with low posterior uncer-
tainties effectively decreased the uncertainty contribution
of kinetic parameters. One may also take into account the
uncertainty contribution of thermodynamic properties
such as molar heat capacity, standard molar enthalpy of
formation, and standardmolar entropy of the species of the
mechanisms. Uncertainty of the heat capacity of species
HNO, OH, HO2, and NO2 has remarkable contribution to
the uncertainty of the simulated concentrations of species
NO, NO2, CO, and CO2 in JSRs and TFRs. This finding is
in agreement with that of Langer et al.52 who found that
the simulated NO formation in methane/air flames and
the calculated laminar burning velocity of ammonia/air
flames can be significantly improved by using better heat
capacity values. The heat capacity of some other species
also has significant uncertainty contribution in some
cases, but the temperature-independent uncertainty of
enthalpies of formation and entropies was found to be neg-
ligible in the investigated systems compared with those of
the heat capacities. However, the literature information is
very limited about the uncertainties of heat capacities and
entropies.
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