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Executive Summary 

Ammonia is a promising future energy storage medium which is carbon-free. The literature is 

overflowing with kinetic models to predict ammonia's reactivity. We have found severe issues 

with literature models, specifically inconsistent thermodynamic parameters, significant 

inconsistencies in some kinetic rate coefficients, and double counting of chemical species in some 

cases, among other issues. The goal of this work is to sort out the current state of kinetic 

predictions for NH3 oxidation to advance the scientific community in understanding this system 

and having tools to predict its behavior and optimize the relevant applications. 

We developed the first automatically generated predictive chemical kinetic model for ammonia 

oxidation with and without hydrogen as an additive. We performed high level electronic structure 

calculations to upgrade the model. A paper manuscript is underway. This final progress report 

mostly consists of the manuscript we are preparing, which we believe to be of high impact for 

the community. We also added preliminary benchmark results of the model's predictions to 

experimental data. 

The predictive model we have generated within the MIT-PP framework enhances the current 

understanding of the NH3 oxidation system, and is not merely an incremental improvement, but 

rather a groundbreaking progress with a new and robust approach to modeling. 



1. Introduction

The Sixth IPCC Assessment Report1 made it very clear — we need to act now to limit global

temperature rise to meet the Paris agreement value of 1.5°C and avoid the irreversible im-

pacts of climate change.2 With increasing global greenhouse gas emissions, there is urgency

to pursue all measures to develop and deploy carbon-neutral energy technologies. Therefore,

one of the most significant scientific challenges our society must address during the course of

the 21st century is the establishment of a secure, economical, and sustainable global energy

system. Since large-scale integration of intermittent renewable energies, such as solar and

wind, introduces considerable uncertainty into an electric power system, an energy storage

medium is required to achieve robustness. One of the promising approaches is storing energy

as chemical bonds, i.e., synthetic fuels. Chemical fuels have relatively high energy density,

can be relatively easily transported, and the infrastructure for using fuels is essentially al-

ready in place. Alternative fuels that can be synthesized from abundant elements using

excess renewable energy or off-peak conventional power are perhaps the preferred route for

large-scale mid- and long-term energy storage.

Nitrogen-based alternative fuels in particular are attractive due to the abundance of

molecular atmospheric nitrogen as feed stock (i.e., The Nitrogen Economy3). Ammonia,

NH3, is the simplest nitrogen-based fuel; it is a promising energy storage vector that has

recently seen an exponential growth in interest and scientific works.4–6 The advantages of

ammonia as a fuel include a relatively high power-to-fuel-to-power (PFP) efficiency,3 a large-

scale distribution infrastructure that is already in place,7,8 a high octane rating of 110–130,9

and a narrow flammability range that makes it relatively safe in terms of explosion risks.

Conversely, there are two primary categories of disadvantages linked to ammonia: (1.) Due

to its toxicity, safety issues are a critical concern, especially in light duty vehicles. Public

acceptance of an hazardous material needs to be addressed.5 (2.) Ammonia emits a signif-

icant level of pollutants when combusted (NOx and NH3 residuals), and it has an overall

relatively low reactivity compared with conventional fuels.6
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The first concern mentioned above may restrict ammonia’s usage to applications where 

professionals handle the process operate the system, such as in the case of marine vessels and 

power plants.5 The health and safety concerns are manageable within existing or future pro-

tocols. The second concern of relatively low reactivity and significant nitrogenous emissions 

affects engine and combustor design, and requires further research and development. The 

relatively low reactivity of ammonia results in a low laminar burning velocity (the laminar 

burning velocity of a NH3/air flame is about 20% of the respective value in a CH4/air 

system10), a long ignition delay time, a low heat release rate, and flame instabilities. In 

addition, ammonia combustion generates significant amounts of NOx , particularly via the 

fuel-NO pathway, and unburnt ammonia levels remain relatively high. A dual-fuel strategy, 

where ammonia is blended with other fuels to various extents was suggested to overcome 

some of these challenges. Among the possible ammonia combustion promoters are 

hydrogen,11–20 syngas,21 methane,11,22–30 alkanes,31,32 dimethyl ether,33,34 alcohols,35–37 

kerosene or diesel,38–41 coal42,43 and biofuels.

The present theoretical work focuses on generating a detailed chemical kinetic model for 

the oxidation of neat NH3 and of a NH3/H2 blend. This work is foundational for predict-

ing the reactivity of ammonia with any combustion promoter. Predictive chemical kinetic 

models consist primarily of reaction rate coefficients and species thermodynamic parameters 

based on physical grounds, and are capable of numerical predictions with quantifiable uncer-

tainties.44 Transport parameters are also important for predicting flames, yet they are not 

the focus of the present work. Numerous studies have been conducted on ammonia 

combustion so far, and many chemical kinetic models were suggested throughout the years 

for NH3 and NH3 mixtures such as with H2 and CH4. These models involve detailed 

micro-kinetic networks of relevant elementary reaction steps, often refined using ab-initio 

quantum chemical computations.

More than four decades after Frederick Kaufman commented about the state of kinetic 

modeling and the need for critical evaluation of reaction rate data,45,46 and although great 

progress has been made in the chemical kinetic modeling field since,47–49 generating pre-
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dictive chemical kinetic models still requires a significant amount of qualified individuals’

time invested in an iterative, manual, error-prone, and non-standardized model generation,

refinement, validation, and revision processes.50 This results in a chaotic state that hampers

advancement.51

Although kinetic modeling of NH3 oxidation received significant attention lately,37,52–71

there is still substantial disagreements on thermodynamic data and rate coefficients between

different authors in this relatively small chemical system. Curran et al. has previously

(2016) commented on the significant and alarming disparity of literature of thermochemical

parameters, specifically of nitrogen-containing species in chemical kinetic models.72 A similar

comment about the significant discrepancies between existing literature models was also

made recently by Klippenstein and Glarborg.73 The present study shows that more than

half a dozen years after Henry Curran’s comment on the chaotic state of the literature,

newly published literature models still have alarming disagreements and inconsistencies.

Counter-intuitively, erroneous kinetic and thermodynamic values in models may lead to

compensating errors by modelers, resulting in favorable agreement between the respective

model predictions and a limited set of experimental validation targets.74 A comparative study

of ammonia oxidation by Turányi et al. in 2020 concluded that there is no single kinetic

model which can provide acceptable predictions for all flow reactor speciation observations.75

Valera-Medina et al. have tested literature models and showed that none of the then-available

models provide accurate predictions over a wide range of conditions.76 Ammonia modelling

indeed suffers from the "many-model" problem:51,72,77,78 an accurate and consistent set of

thermochemical and kinetic parameters is necessary. The present work attempts to advance

the current state of NH3 oxidation modelling towards this target.

The goal of the present study is to suggest a fundamental chemical kinetic model for

NH3 oxidation with and without H2 as an additive. We begin by reviewing 18 NH3 literature

oxidation models published in the recent five years (2018–2023) and compare key parameters

across these works. We then make recommendations for these parameters based on physical
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grounds. Finally, we suggest an updated predictive model which could serve as a way forward

in predicting the reactivity of NH3 oxidation systems. To address the current chaotic state

in modeling this system, as highlighted in Section 3.1. of the present study, we take a "data-

centric" approach to model generation, where the dataset used to generate this model can

be systematically enhanced to improve the performance of future models.

We hope that future NH3 models generated or updated by the chemical kinetic modeling

community will not have thermodynamic or reaction rate parameters that deviate signifi-

cantly from state-of-the-art values without proper justification.

2. Methods

2.1. Chemical kinetic model generation

The model was generated using the open-source Reaction Mechanism Generator (RMG)

software suite version 3.1.0.79,80 RMG automatically explores possible intermediate species

and elementary reactions for given reacting mixture and thermodynamic conditions based on

reaction families and libraries using a flux-based algorithm. The generated model includes

the most important species and reactions, where “importance” is defined by the user using a

tolerance parameter that controls the model’s size and therefore the truncation error. The

procedures implemented by RMG to expand the kinetic model are extensively discussed

elsewhere.79–82 Previously, RMG has successfully generated a kinetic model for nitrogen

oxidation chemistry83 after it was extended with relevant nitrogen atom type representations

and heteroatom resonance structure generation and filtration methods.84

The model was built based on RMG’s kinetics and thermodynamic libraries and quan-

tum chemical computations were performed as part of the present study, as described below.

Thermodynamic parameters for the H/O subset were taken from Burke et al. 201285 and

updated rate coefficients for this subset were taken from Konnov’s works86,87 which consider

relevant chemically termolecular reactions showed to be important by Burke and Klippen-
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stein.88 Additional kinetic parameters were taken from a pressure-dependent computation 

for species relevant for hydrazine decomposition,89 and from a carefully curated kinetics li-

brary in RMG written for nitrogen chemistry called the "primary nitrogen library".90 The 

latter, discussed here for the first time, includes pertinent reactions and updated rate 

coefficients consisting of several major subsets related to nitrogen chemistry such as thermal 

NOx, prompt NOx, N2O Pathway, NNH Pathway, NHx Pathway, N2H4 + N2O4, CH3NO2, 

thermal de-NOx, NO2 decomposition, and HCN, among others. This library consists of 

about 400 reaction entries with rate coefficients from over 100 literature sources which 

were carefully manually-reviewed, along with rate coefficient computations reported in the 

present work. This RMG library represents an open maintained resource for recommended 

reaction rate coefficients for systems involving gas-phase nitrogen chemistry.

RMG computed phenomenological rate coefficient, k(T, P ), expressions from relevant 

high-pressure limit rate coefficients, k(T )’s, using an inverse Laplace transformation91 and 

master equation computations via the Automated Reaction Kinetics and Network Explo-

ration (Arkane) software.92 Pressure-dependent reaction rate coefficient computations in 

this work employed the modified strong collision approximation.93 The selected tolerance94 

for the network generation was 0.1. The model was generated for several temperature, 

pressure, and equivalence ratio ranges. Both neat NH3 and a mixture of NH3 with 10% 

H2 by moles were considered, and the above equivalence ratio range relates to both 

systems. The input file used to generate the RMG model is provided in the Supporting 

Information for reproducibility and to facilitate next-generations of NH3 chemical kinetic 

models using the suggested data-centric approach. Any input parameter improvements can 

now be reflected in updated models in a straight-forward manner. The present model is 

therefore herein tagged as "RMG-N 1.0". Model simulations, sensitivity analyses, and rate 

of production analyses were carried out using Cantera version 2.6.0.95 Flame speed 

calculations were performed in Chemkin-Pro96
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2.2. Quantum Chemical Computations

Ab-initio computations were executed automatically using the open-source Automated Rate

Calculator (ARC) software,97 an extensible codebase for automatically calculating species

thermochemistry and reaction rate coefficients. Statistical mechanics processing of the elec-

tronic structure jobs executed by ARC was performed using Arkane.92 Conformer geometry

searches were carried out by ARC using a dihedral angle combination approach based on

a random set of force field (MMFF94s98) conformers generated using RDKit.99 Up to ten

lowest energy force field conformers identified by ARC were optimized at the using the dou-

ble hybrid B2PLYP functional100 with Grimme’s dispersion correction (D3)101 coupled with

Dunning’s correlation consistent basis set augmented with diffuse functions, aug-cc-pVTZ.102

level of theory. The lowest energy DFT conformer was further used. Ro-vibrational analyses

were subsequently computed via ARC at the same level of theory. ARC computed a fre-

quency scaling factor of 0.995 for this method and basis set combination using the method

recommended by Truhlar.103

Torsional modes were automatically identified as rotatable single bonds in each species

(considering relevant resonance structures84) and treated with continuous constrained po-

tential energy surface optimizations with all other internal coordinates relaxed using the

B2PLYP-D3/aug-cc-pVTZ level of theory at a resolution of 10o. If a scan resulted in a lower

energy structure than the original geometry, ARC took the former as the new lowest energy

conformer, deleted all relevant running jobs for the species, and spawned the computations

again starting from the new geometry. The 1D torsional potential energy surfaces were fit-

ted to truncated Fourier series and used as inputs to compute energy levels and hence the

partition function of the anharmonic mode using Arkane.92

Single-point energies were computed using the CCSD(T)-F12a method104 combined with

the correlation-consistent cc-pVTZ-F12 basis set.105 The coupled cluster computations were

performed in Molpro 2021.2.106 Empirical systematic errors in atomization energies and

enthalpies of formation associated with bond or atom types were corrected using atom energy
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corrections and Petersson-type bond additivity corrections107 implemented in Arkane92 for 

the CCSD(T)-F12a/cc-pVTZ-F12 level of theory. Where possible (for 30 out of 66 species), 

enthalpy values at 298.15K were adopted from the Active Thermochemical Tables (ATcT, 

version 1.124),108 replacing the computed CCSD(T)-F12a single-point energies.

All DFT calculations were performed in Gaussian.109 All electronic structure calcula-

tions were processed by Arkane for computation of thermochemical partition function and 

macroscopic parameters, as well as reaction rate coefficients of  interest.

Species for which geometry optimizations did not converge at several reasonable levels 

of theory (CBS-QB3,110 ωB97X-D,111 B2PLYP100), and after reasonable troubleshooting 

efforts, were manually flagged in the RMG database as forbidden to avoid adding them into 

the final model. For example, this procedure excluded the N3H(T) species. An in-depth 

overview of non-physical species can be found elsewhere,112 and the findings here strengthen 

the motivation for additional studies on this topic.

2.3. Transition state searches

Reaction transition state (TS) searches were automated using a bimolecular reaction ori-

entation module (Fig. 1) implemented in ARC.97 ARC’s bimolecular TS search method 

orients two 3D structures relative to one another, with similarity to the EStokTP method by 

Cavallotti et al.113 The distinguishing characteristic of ARC’s approach, called the "heuris-

tics" algorithm, is the dimensionality reduction of the problem by starting the search from 

the two species that contain the greatest amount of geometrical information. For the hy-

drogen abstraction reaction class, the two species that contain the abstracted H (R1H and 

R2H, Fig. 1) are used. This approach reduces the required degrees of freedom (DOFs) for 

the inter-fragment orientation problem by one relative to constructing the TS from the two 

reactants.

Generally, six DOFs (3 translational and 3 rotational when considering external coordi-

nates) are required to orient two non-linear structures relative to one another in 3D space.
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Figure 1: A 3D bimolecular reaction orientation example for NH2OH + ·NNH −−⇀↽−−
·NHOH + N2H2. Hydrogen atom number 4 (highlighted) in each structure is superim-
posed when generating TS guesses.

In terms of internal coordinates, these six DOFs correspond to a bond length, two angles,

and three dihedral angles, e.g., r2, β, γ, ϕ1, ψ1, and ψ2 for R1 · + R2H (Fig. 1). Using the

geometrical information from both R1H and R2H rather than, e.g., one side of the reaction

such as R1 · + R2H, gives reasonable initial guesses for r2, γ, and ϕ1. The bond length values

of r1 and r2 are stretched, e.g., by 140% each relative to their respective values in the R1H

and R2H species, to achieve reasonable bond length guesses of the reactive zone in the TS

structure. The value of β typically spans between 120o–180o, and any guess in this range

could be used since it represents an harmonic mode. TS optimization algorithms114 are rel-

atively insensitive to the initial value of r1, r2, and β, as all three represent harmonic modes
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that have a single minimum and are easily optimized. Therefor, only two challenging internal 

degrees of freedom, ψ1 and ψ2, must be determined. TS optimization cannot obtain the values 

for ψ1 and ψ2 that correspond to the global lowest energy TS structure due to the anharmonic 

nature of these torsional modes. These two values are therefore the only ones that are 

"scanned" by the algorithm to generate the TS guesses, e.g., by generating combinations of 

rotating these dihedral angles using a resolution of 30o for each one.

The generated TS guesses are then optimized at an "L1" DFT level (in this case, ωB97X-

D/Def2-SVP111,115 was used). They are clustered by nearly identical internal coordinates, 

and representative structures from the clusters are ranked by relative electronic energy (Fig. 

2). The algorithm then analyzes TS candidates in an ascending energy order and performs 

another saddle-point optimization and ro-vibrational analyses at an "L2" DFT level (in this 

case, B2PLYP-D3/aug-cc-pVTZ100,105 was used). The algorithm terminates once one of 

the L2 optimized TS guesses passes reaction path energy check, normal mode displacement 

analysis, and intrinsic reaction coordinate116 TS checks.

Figure 2: An electronic energy bar plot of clustered TS guesses generated by ARC for
the HNO + NHOH NO + NH2OH reaction. The lowest energy TS guess is ascribed
a relative energy of 0. In this case, it did not represent a TS and failed the imaginary
frequency check. The algorithm continues to the second lowest energy guess, which passes
all TS checks (highlighted in red). The relative energy appears above each bar, and the
imaginary frequency, if exists and a computation was attempted, appears above as well.
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3. Results

3.1. Literature Parameter Review

We examined and compared 18 recent literature chemical kinetic models of NH3 oxidation 

with and without additives (H2 or hydrocarbons) published within the last five years (2018–

2023).52–69 Only the H/N and H/N/O species and reaction subsets were considered from 

each literature model for this comparison. I.e., we ignored all species and reactions involving 

carbon, where relevant, as well as the H/O subset which was already previously thoroughly 

studied.85,87 Noble gases (He, Ar) were not considered in the comparison. We also do not 

consider in this analysis reactions involving excited species for which detailed description can 

be found elsewhere.117 Within the relevant subsets the comparison study focuses on, we 

compared all species thermodynamic properties and discuss below reaction rate coefficients 

which were in significant disagreement. The purpose of this exercise is to shed light on a 

significant challenge confronting the broader chemical kinetics modeling community.

Code Excerpt 1: Chemkin96 format reactions for HONO2 and HNO3 appearing in some of the 
literature models with respective modified Arrhenius equation parameters A (cm3mol−1s−1), 
n, and Ea (cal mol−1).

HONO2+H=H2+NO3 5.600E+08 1.50 1.640E+04

HONO2+H=H2O+NO2 6.100E+01 3.30 6.285E+03

HONO2+H=OH+HONO 3.800E+05 2.30 6.976E+03

HONO2+OH=H2O+NO3 1.000E+10 0.00 -1.240E+03

HNO3+H=H2+NO3 5.560E+08 1.53 1.640E+04

HNO3+H=H2O+NO2 6.080E+01 3.29 6.290E+03

HNO3+H=OH+HONO 3.820E+05 2.30 6.980E+03

HNO3+OH=NO3+H2O 1.030E+10 0.00 -1.240E+03

All selected models attempt to capture major NH3 oxidation pathways, and are not de-

fined as reduced or skeletal. The number of species and reactions of the considered literature

models within the relevant chemical subspace described above (H/N and H/N/O) range
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between 21–26 and 170–222, respectively. Four models57,59,60,62 did not consider the HON 

species, and one64 omitted the NH2OH species. Six of the models54–56,58,61,65 consider both 

HONO2 and HNO3 species, which are suspected to be a duplicate representation of nitric acid. 

The two species have identical thermodynamic values in each model, so it is unlikely that one 

of them was meant to represent peroxynitrous acid, HOONO, which is less stable by ∼120 kJ 

mol−1 relative to nitric acid.108,118 The duplicity is probably due to confusion when curating 

literature data in the process of generating one or more of these models, on which the others 

rely. Indeed, older studies used the different HONO2 and HNO3 notations for nitric acid.119,120 

Very similar reaction rate coefficients (Code Excerpt 1) were ascribed to reactions involving 

the duplicate species, appearing in the same model, supporting the assertion that the two 

labels correspond to the same chemical compound.

Figure 3: Distribution of standard specific enthalpy change of formation at 298 K around
the mean. The bars indicate intervals surrounding the average value found in the reviewed
literature models per species. The shaded "violin" areas represent the respective occurrence
frequency in the examined literature models. The values for HNO3 represent species labelled
both as HONO2 and HNO3 in the examined literature models, where relevant (see text).
Circles represent the deviation of the corresponding value computed in the present work
relative to the average literature values.
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Thermodynamic properties (∆Ho
f , ∆So

f , and ∆Go
f,1000K) of 22 species were compared

across the 18 literature models (Figs. 3–5). In these figures, larger bars represent larger

value ranges that appear throughout the examined literature sources. The shaded area in

each bar corresponds to the appearance frequency of each value. The circles represent the

deviation of our recommended values (discussed below) from the respective average value in

the considered literature sources. Other than N2H4, species for which a consensus in ∆Ho
f

values exists between the literature sources (N, NH3, N2, NO, NH2OH, N2O, NO2, NO3,

HNO3) were also in agreement with our recommended values (Fig. 3). Our recommended

value for ∆Ho
f of N2H4 is based on the ATcT,108 and is 2.4kJ/mol higher than the literature

models value.

Figure 4: Distribution of standard specific entropy change of formation at 298 K around
the mean. The bars indicate intervals surrounding the average value found in the reviewed
literature models per species. The shaded "violin" areas represent the respective occurrence
frequency in the examined literature models. Circles represent the deviation of the corre-
sponding value computed in the present work relative to the average literature values.

Some species were found to have significant and alarming disagreements in the recent

literature ∆Ho
f values. Two models53,66 had very low ∆Ho

f values for N2H3, about 61kJ/mol
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below the average, and about 70kJ/mol below the ATcT value (Fig. 3). All other models used 

one of two values with a 5kJ/mol difference. ∆Hf
o values for HON vary by 40kJ/mol between the 

literature sources with a clear bifurcation distribution. N2H2 has four distinct literature values 

for ∆Hf
o within a range of 13kJ/mol. While the literature ∆Hf

o values for NH2 varied by up to 

4.5kJ/mol, which seems minor compared to the previously mentioned discrepancies, this 

variance remains troubling given the significant role this radical plays in a reactive NH3 

system.

Figure 5: Distribution of standard specific Gibbs free energy change of formation at 1000 
K around the mean. The bars indicate intervals surrounding the average value found in 
the reviewed literature models per species. The shaded "violin" areas represent the 
respective occurrence frequency in the examined literature models. Circles represent the 
deviation of the corresponding value computed in the present work relative to the average 
literature values.

The analysis of ∆Sf
o values (Fig. 4) reveals concerning discrepancies among recent litera-

ture references. Of particular concern, HON displays a substantial divergence of 16.5J/(mol·K),

mirroring its bifurcation trend in ∆Hf
o values. Our computed ∆Sf

o values deviate from

the literature’s value ranges in certain instances, most notably for NO with a deviation

of 5.5J/(mol·K) from the average value: about 210.7J/(mol·K) in literature models vs. our
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computed value of 205.2J/(mol·K). There is indeed disagreement on the precise value, with

most sources supporting 210.7J/(mol·K)
72,121 and another independent computation that sup-

ports 205.2J/(mol·K).118 We could not settle this difference, and further analysis is welcome.

There is a disagreement of 1.2J/(mol·K) in ∆So
f of N2H4 between our computation and the

literature models. Our value is supported by Curran’s work72 Our ∆So
f value for N2H3 is

higher than most values in the relevant literature models (237.3J/(mol·K) vs. 236.8J/(mol·K),

respectively). An even higher value of 240.4J/(mol·K) was computed by Curran et al.72 We

conclude that the current ∆So
f accuracy we can reach is about 3 − 4J/(mol·K), especially

when hindered rotors are strongly coupled to an inversion mode. A multidimensional anhar-

monic mode treatment should be further performed for N2H3, N2H4, and NH2OH. Our ∆So
f

value for HONO of 248.6J/(mol·K) is lower than the range in the relevant literature models of

249.4 − 254.0J/(mol·K). This discrepancy is even larger in light of Curran’s respective com-

puted value of 256.4J/(mol·K). We could not settle this difference as well, and further analysis

is welcome.

Gibbs free energy comparisons were made at 1000 K (Fig. 5), a practical temperature of

interest for this system, and reflect discrepancies in ∆Ho
f , ∆So

f and Cp values. Nearly 30% of

the species in the comparison have literature values that disagree by more than 10 kJ mol−1 in

∆Go
f,1000K . A similar behaviour was observed in a Gibbs free energy comparison at standard

temperature (298 K) as well (not shown). Specifically, two species have their ∆Go
f,1000K

values scattered in a range larger than 45 kJ mol−1 throughout the examined literaturd

models. One of these species, N2H3, has a deviation in ∆Go
f,1000K of ∼4kJ/mol between most

models, while in two of the models the respective values deviate by ∼60kJ/mol from the mean.

The thermochemistry data of HON has a bifurcation between sources, showing a significant

disagreement in ∆Go
f,1000K values of ∼55kJ/mol. Other species that mostly show a bifurcation-

type disagreement, though at a lower magnitude, are NH, NH2, N2H2, HNO, H2NO, HONO,

and NO3. The ∆Go
f deviations of NH2, N2H2, and HNO primarily stem from enthalpy

inconsistencies, while their entropy values are mostly in agreement among the examined
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models. The bifurcation in HON, on the other hand, is attributed to inconsistencies in both

enthalpy and entropy values between literature sources.

Rate coefficient comparisons were made only between reactions defined in the same direc-

tion due to the large discrepancies found in some of the thermodynamic properties ascribed

to species (Fig. 5) and the further noise this uncertain thermodynamic data will add to the

reversed rates. A pressure of 100 bar was used to compare near-high-pressure limit rate co-

efficients of pressure-dependent reactions. Out of the 249 reactions obtained from the union

of all recent 18 literature models, 43 reactions (∼17%) had rate coefficients that deviate by

an order of magnitude or more. Ten reactions had rate coefficients that deviated by O(3)

(three orders of magnitude) or more (Fig 6), among them three reactions had rate coefficients

that deviated by as much as O(5) or more. One reaction was assigned rate coefficients that

deviated between some of the models by as much as O(11) at 1000 K and 100 bar.

The following analysis relates to the ten reactions with rate coefficients that deviate by

O(3) or more. One of the models64 was missing the HNO + HNO −−⇀↽−− N2O + H2O, N2H2 +

H −−⇀↽−− N2H3, N2H3 + NH2 −−⇀↽−− H2NN + NH3, and N2H2 −−⇀↽−− NNH + H reactions, four

models57,59,60,66 were missing the NH2 + NH2 −−⇀↽−− N2H2 + H2 reaction, and 14 models (all

except three53,62,63) were missing the NO + HO2 −−⇀↽−− HNO3 reaction.

There are five distinct rate coefficient sets for the NH2 + HO2 −−⇀↽−− NH3 + O2 reaction

in the examined models (Fig. 6 A). We could not identify the source for the rate coefficient

of this reaction from one of the models.65 The four ultimate sources identified for the rate

coefficients used for this reaction are: an experimental study by Sarkisov et al. from 1984,122

a direct hydrogen transfer estimation for a disproportionation reaction by Dean and Bozzelli

from 2000,123 a QCISD(T) computation by Sumathi and Peyerimhoff from 1996,124 and a

W3x-L computation by Sarathy et al. from 2022.125

There are three distinct rate coefficient parameter sets for the NNH + O2 −−⇀↽−− N2 + HO2

reaction in the examined models (Fig. 6 B). Their ultimate sources are: an estimation made

during mechanism development by Miller and Glarborg from 1996,126 a QRRK estimation
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Figure 6: Rate coefficient comparison of ten reactions that deviate by O(3) or more among
the 18 examined models. Colors represent the same models consistently throughout the
comparisons. Pressure-dependent rate coefficients were evaluated at 100 bar.
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by Dean and Bozzelli from 2000,123 and a CASPT2 computation by Klippenstein et al. 

from 2011.127 The value assumed by Miller and Glarborg was only a factor of 5 higher 

than the updated CASPT2 computation by Klippenstein et al. The Dean and Bozzelli 

QRRK estimation, the lowest value in this comparison, was based on the diazenyl peroxide

( ·N NOOH) intermediate species which was recently shown to be non-physical.112

While the updated rate coefficient for NH2 + HO2 −−⇀↽−− NH3 + O2 was accurately com-

puted only recently, a trustworthy source for the rate coefficient of NNH + O2 −−⇀↽−− N2 +

HO2 has been available for more than a decade,127 yet the later was not used by seven of

the 18 examined models published in the last five years.

There are two distinct rate coefficient parameter sets for the HNO + HNO −−⇀↽−− N2O +

H2O reaction in the examined models (Fig. 6 C). All models but one used the recommended

value by Tsang and Herron from 1991 from reviewing experimental observations at low

temperatures (280–520 K).128 One model53 uses a drastically different rate coefficient with

no explanation or source.

There are two distinct rate coefficient parameter sets for the HNO2 −−⇀↽−− HONO reaction

in the examined models (Fig. 6 D) with two ultimate sources: a CBS-QB3 computation by

Rasmussen et al. from 2008,119 and an ANL1 level computation (based on CCSD(T)/cc-

pVQZ level energies) by Chen et al. from 2019.129 The high-pressure limit (computed at 100

bar) rate coefficients of the two sources deviate by a factor of ∼55,000 at 1000 K.

There are five distinct rate coefficient parameter sets for the NH2 + NH2 −−⇀↽−− N2H2 + H2

reaction in the examined models (Fig. 6 E). We could not identify the source for the rate

coefficient of this reaction from one of the models53 (this is the same model that used a dif-

ferent and untraceable rate for HNO+HNO −−⇀↽−− N2O+H2O). It is also drastically different

than the other literature rates (the lowest rate coefficient in Fig. 6 E). The three ultimate

sources identified for this rate coefficient are: a survey by Miller and Bowman from 1989,130

a measurement by Stothard et al. from 1995,131 and a CCSD(T)/CBS//CCSD(T)/aug-cc-

pvdz computation by Klippenstein et al.132 One of the models62 multiplied the Klippenstein
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et al. rate coefficient for this reaction (to which the observables were sensitive) by a factor 

of 2 to achieve a better agreement between the model predictions and experimental 

results. This modification was properly reported in the respective manuscript.

There are five distinct rate coefficient parameter sets for the N2H 3 −↽−−⇀− N2H2 +H reaction 

in the examined models, one is given in the reverse direction and is not shown in the graphical 

comparison (Fig. 6 F). The highest rate coefficient is  associated with just a single model66 

in this comparison. It was taken from Konnov 2009,133 but could not be traced further. 

Updated high-level rate coefficients were computed by Truhlar et al. in 2012 for the high-

pressure limit at the CCSD(T)-F12 and MRCI-Q levels,134 and a pressure-dependent rate 

coefficient was computed by Diévart and Catoire in 2020 at the CCSD(T)/CBS level.135 

Besides the single intractable rate,66 there is no significant disagreement about this rate 

coefficient.

There are two distinct rate coefficient parameter sets for the N2 H3 + NH 2 −↽−−⇀− H2NN + 

NH3 reaction in the examined models (Fig. 6 G). The two ultimate sources are: a direct 

hydrogen transfer estimation for a disproportionation reaction by Dean and Bozzelli from 

2000,123 and a CCSD(T)/CBS computation by Diévart and Catoire from 2020.135

There are seven distinct rate coefficient parameter sets for the N2H2 −↽−−⇀− NNH + H 

reaction in the examined models (Fig. 6 H). This case is somewhat concerning as there are 

only two ultimate sources cited for the seven rate coefficients. Another reason for concern is 

that the rate coefficient that does not intersect the others (Fig. 6 H) is claimed to be taken 

from the same source as some of the other rate coefficients, and no modification of it was 

reported. The two ultimate sources are: a QRRK estimation by Dean and Bozzelli from 

2000123 which gave the kinetics as two "PLOG" Arrhenius entries, each consists of Arrhenius 

equations for 0.1, 1.0, and 10 atmospheres, and an estimation by Mei et al. from 201955 based 

on the seminal work of Miller and Bowman from 1989130 with an adjusted energy barrier 

based on computations made by Klippenstein et al.132 The chain-branching thermal 

dissociation of N2H2, N2H2 −↽−−⇀− NNH + H, competes with its oxidation: the former
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promotes the system’s reactivity by H· production, while the latter produces less reactive

HO2 · radicals. This chain-branching thermal dissociation reaction is critical in the overall

conversion of :NH radicals into N2,57,59,65 and system observables such as the laminar burning

velocity and laminar flow reactor speciation are sensitive to this rate coefficient.55,60 The

major disagreement in rate coefficients was caused since one of the models in this comparison

mistakenly took only one of the "PLOG" rate coefficient set from the Dean and Bozzelli work.

Unfortunately, another model in the present comparison inherited this partial rate coefficient

"as is" in their work, citing the study which made the original data extraction mistake instead

of referring to the original data source and checking for correctness and completeness.

There are two distinct rate coefficient parameter sets for the NO + HO2 −−⇀↽−− HNO3

reaction in the examined models (Fig. 6 I). As noted above, only three models in this 17

model comparison study considered this reaction. One of the sources identified is Coppens et

al. from 2007.120 The other, much lower, rate coefficient that appears in one of the compared

models has identical temperature exponent and activation energy parameters as in Coppens

et al. 2007, yet has an A factor lower by O(12). There is no mention of this reaction nor an

explanation for the modified rate coefficient in the respective published work.53 The Coppens

et al. 2007 rate coefficient120 is taken from the Konnov "Detailed Reaction Mechanism for

Small Hydrocarbons Combustion" model release 0.5 from 2000,136 yet this model is no longer

available online. Hence, no ultimate justifiable source could be found for the rate coefficient

of NO + HO2 −−⇀↽−− HNO3 in the compared literature models. Note that this rate coefficient

was computed by M.C. Lin et al. in 1998137 and again in 2003,138 both at the G2M level of

theory.

3.2. Recommended Parameters

3.2.1. Thermodynamic properties

We computed thermodynamic properties for 66 species relevant to the ammonia oxidation

system. Table 1 lists their molecular structures. Symmetry number, number of chiral sites,
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and the T1 diagnostic parameter are given in Table S1. Standard specific enthalpy change

of formation and entropy change of formation at 298 K are given in Table 2. NASA poly-

nomials139 fitted for 298–2500 K are given in the Supporting Information in Chemkin96

and Cantera95 input file formats. These thermodynamic properties are also available in a

maintained RMG NH3 library.140

Table 1: Structure of H/N and H/N/O species relevant to NH3 oxidation

No. Labela Structureb No. Labela Structureb

1 N [N] 34 HNO2 [O-][NH+]=O
2 NH(S) [NH] 35 NH2OO NO[O]
3 NH(T) [NH] 36 NHOOH [NH]OO
4 NH2 [NH2] 37 HONOH O[N]O
5 NH3 N 38 HONHO [O-][NH+]O
6 N2 N#N 39 NH2OOH NOO
7 NNH [N]=N 40 N2O [N-]=[N+]=O
8 N2H2 N=N 41 cNNO N1=NO1
9 N2H2(T) [N][N] 42 HNNO N=[N+][O-]
10 H2NN(S) [NH2+]=[N-] 43 NNHO [O-][NH+]=[N]
11 H2NN(T) N[N] 44 NH2NO NN=O
12 N2H3 [NH]N 45 N2H3O [O-][NH+]N
13 N2H4 NN 46 NH2NOH N[N]O
14 NH3NH [NH3+][NH-] 47 NH2ONH2 NON
15 N3H(S) [N-]=[N+]=N 48 N2O2 O=NN=O
16 N3H5 NNN 49 NNO2(S) [O-][N+](=O)[N]
17 NO [N]=O 50 NNO2(T) [O-][N+](=O)[N]
18 HNO(S) N=O 51 cNNOO n1noo1
19 HNO(T) [NH][O] 52 NNOO N#[N+]O[O-]
20 HON(S) [N-]=[OH+] 53 ON2HO [N-]([NH+]=O)[O]
21 HON(T) [N]O 54 NHNO2 [NH-][N+](=O)[O]
22 NH2O [NH2+][O-] 55 NH2NO2 [O-][N+](=O)N
23 NHOH [NH]O 56 NH2ONO NON=O
24 NH2OH NO 57 HON2HO ONN=O
25 NH3O [NH3+][O-] 58 NH2cNOO NN1OO1
26 NO2 [O-][N+]=O 59 cNH2NOO [N-]1OO[NH2+]1
27 cNOO O1O[N]1 60 NH2NO2H [O-][N+](O)N
28 NHOO(S) [NH-][O+]=O 61 NH2NHOO NNO[O]
29 NHOO(T) [NH]O[O] 62 NO3 [O-][N+](=O)[O]
30 ONHO(T) [O]N[O] 63 HNO3 [O-][N+](=O)O
31 HONO ON=O 64 N2O3 O=N[N+](=O)[O-]
32 HONO(T) [O][N]O 65 ONONO2 O=NO[N+](=O)[O-]
33 cNHOO O1ON1 66 N2O4 [O-][N+](=O)[N+](=O)[O-]

a The multiplicity is explicitly given in the species label (S or T for singlet or triplet, respectively) where
appropriate.

a Given as SMILES.141
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Table 2: Thermodynamic properties at 298 K of H/N and H/N/O species rel-
evant to NH3 oxidation.Units are kJ/mol and J/(mol · K) for ∆Ho

f and ∆So
f , re-

spectively. Computed at the CCSD(T)-F12/cc-pVTZ-F12//B2PLYP-D3/aug-
cc-pVTZ level of theory.

No. Labela ∆Ho
f ∆So

f No. Labela ∆Ho
f ∆So

f

1 N 472.442b 153.2 34 HNO2 -43.5b 238.3
2 NH(S) 509.39b 171.7 35 NH2OO 159.1 280.5
3 NH(T) 358.79b 180.9 36 NHOOH 160.8 279.6
4 NH2 186.03b 194.5 37 HONOH -0.7 274.7
5 NH3 -45.556b 192.3 38 HONHO 8.4 273.3
6 N2 0c 191.5 39 NH2OOH 13.7 281.4
7 NNH 249.23b 224.2 40 N2O 82.594b 219.8
8 N2H2 199.98b 218.0 41 cNNO 349.9b 241.7
9 N2H2(T) 377.1 234.2 42 HNNO 208.0 247.6
10 H2NN(S) 300.46b 217.9 43 NNHO 314.5 250.0
11 H2NN(T) 365.6 235.4 44 NH2NO 76.11b 260.0
12 N2H3 224.25b 248.7 45 N2H3O 148.7 277.1
13 N2H4 97.57b 237.2 46 NH2NOH 138.9 279.0
14 NH3NH 281.0 239.7 47 NH2ONH2 132.2 271.5
15 N3H(S) 289.4 239.1 48 N2O2 171.17b 275.8
16 N3H5 195.5 277.4 49 NNO2(S) 372.5 263.9
17 NO 91.142b 205.2 50 NNO2(T) 459.1 264.5
18 HNO(S) 106.97b 220.6 51 cNNOO 348.4 251.2
19 HNO(T) 187.7 229.2 52 NNOO 445.6 271.5
20 HON(S) 281.2 220.6 53 ON2HO 182.3 276.0
21 HON(T) 214.98b 230.7 54 NHNO2 236.0 284.9
22 NH2O 64.08b 231.5 55 NH2NO2 6.1 273.2
23 NHOH 94.42b 233.3 56 NH2ONO 100.1 286.2
24 NH2OH -43.45b 234.8 57 HON2HO 52.0 295.4
25 NH3O 60.0b 221.3 58 NH2cNOO 317.4 284.9
26 NO2 34.071b 240.0 59 cNH2NOO 157.3 283.6
27 cNOO 352.6b 244.4 60 NH2NO2H 84.8 312.0
28 NHOO(S) 233.8b 246.6 61 NH2NHOO 236.2 311.1
29 NHOO(T) 354.1 270.6 62 NO3 74.14b 257.0
30 ONHO(T) 271.5 258.3 63 HNO3 74.14b 266.6
31 HONO -79.113b 248.6 64 N2O3 86.19b 301.6
32 HONO(T) 172.1 268.9 65 ONONO2 40.4b 342.8
33 cNHOO 270.9b 245.9 66 N2O4 10.9b 303.9
a The multiplicity is explicitly given in the species label (S or T for singlet or triplet, respectively) where

appropriate.
b Enthalpy taken from ATcT v. 1.124.108
c Exact
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3.2.2. Reaction rate coefficients

We identified ten reactions for which rate coefficients varied by O(3) or more between lit-

erature models (Fig. 6). Table 3 lists recommended parameters for these reactions. Some

reactions in this table are pressure-depended and for them only the high-pressure limit rate

coefficients are given in Table 3. The pressure-dependent rate coefficient are given in the

Supporting Information. Additional literature rate coefficients for NH2 + HO2 −−⇀↽−− NH3 +

O2 (Fig. 6 A) are compared in Fig. 7. Another source for this rate computed at the

CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ level of theory by Stagni et al. from 2020142

did not make it into the comparison since it was computed in the reverse direction and in

our hands the reverse rate coefficient created using reasonable thermodynamic properties

was unreasonably low. The Sumathi 1996 calculation, which was used by five models in the

examined models, noticeably deviates from the experimental data and from the more recent

computation.

Table 3: Recommended rate coefficients for the reactions in Fig. 6. Parameters
are for the modified Arrhenius expression k = AT nexp(−Ea/(RT )).

No. Reaction Aa n Ea (Jmol−1) T range (K) Source

1 NH2 + HO2 −−⇀↽−− NH3 + O2 2.179 · 106 2.080 -19,920 500–1700 Ref. 125
2 NNH + O2 −−⇀↽−− N2 + HO2 5.6 · 1014 -0.358 -544 200–2400 Ref. 127
3 HNO + HNO −−⇀↽−− N2O + H2O 8.4 · 108 0 13,000 — Ref. 128
4 HNO2 −−⇀↽−− HONOb 2.67 · 1020 -2.80 180,400 250–2000 Ref. 129
5 NH2 + NH2 −−⇀↽−− N2H2 + H2 1.74 · 108 1.02 49,300 500–2500 Ref. 132
6 N2H3 −−⇀↽−− N2H2 + Hb 1.275 · 1011 0.819 201,100 250–2500 Ref. 135
7 N2H3 + NH2 −−⇀↽−− H2NN + NH3 1.111 · 101 3.080 883.0 250–2500 Ref. 135
8 N2H2 −−⇀↽−− NNH + H 3.8 · 1013 1.2 293,000 — Ref. 55
9 NO + HO2 −−⇀↽−− HNO3

b 2.85 · 1015 -0.82 -174 200–2000 Ref. 138
a Units are s−1 or cm3mol−1s−1 for first- or second-order reactions in the forward direction, respectively.
b Only the high pressure limit rate coefficient is given for this reaction, the complete pressure-dependent

rate coefficient is given in the SI.

We computed reaction rate coefficients of 53 reactions at the CCSD(T)-F12/cc-

pVTZ-F12//B2PLYP-D3/aug-cc-pVTZ level of theory. Species structures are given in 

Table 1.
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4. Model Benchmarking

In this work, we present a comprehensive benchmarking analysis of our kinetic model by 

comparing its simulation results with experimental data across a diverse range of conditions. 

Benchmarking serves as a critical evaluation tool to assess the accuracy and reliability of the 

model's predictions, enabling us to validate its performance and identify areas for improvement. 

By conducting this thorough benchmarking analysis, we aim to establish the robustness and 

versatility of our kinetic model in capturing the complex behaviour of the system under 

investigation. 

Furthermore, our benchmarking analysis covers various observables to evaluate the model's 

predictive capabilities comprehensively. By comparing simulation results with experimental data 

for different observables such as flame speed, ignition delay time and species concentrations 

profiles, we can assess the model's ability to capture the intricate details of the system's 

behaviour. This multi-observable benchmarking approach provides a more complete and 

rigorous assessment of the model's performance, enhancing our confidence in its predictive 

power. 

4.1.1. Flame Speed 

Flame speed is a crucial parameter when studying the behaviour of fuels and their combustion 

processes. Our model considers the complex network of reactions involved in the oxidation of 

ammonia, considering both the fuel and air components. By incorporating detailed reaction 

mechanisms and rate constants, we aimed to capture the intricate chemistry of ammonia 

combustion. 

To assess the performance of our kinetic model, we compared it with experimental data obtained 

from a carefully controlled combustion experiment. The initial temperature was of 450 K and 1 

bar of pressure with neat NH3 as a fuel. The measurements were made at different values of 

equivalence ratio from 0.5 to 1.5. The equivalence ratio was defined based on the reaction 

4𝑁𝐻3 + 3𝑂2 ⇌ 2𝑁2 + 6𝐻2𝑂 , according to the equation:  

𝜙 =
(
𝑁𝐻3
𝑂2

)

(
𝑁𝐻3
𝑂2

)
𝑠𝑡𝑜𝑖𝑐ℎ

=
3

4
(
𝑁𝐻3
𝑂2

) 

We found that our model exhibited good agreement with the experimental results, accurately 

predicting the flame speed and other key combustion parameters. This agreement serves as 

strong evidence of the reliability and general overall effectiveness of our kinetic model. 

Furthermore, we also compared our model with other existing ammonia combustion models 

reported in the literature. The model consistently showed comparable performance against the 



other models, indicating its competitive characteristic in accurately simulating the flame speed 

values ammonia combustion behaviour. 

Figure 32. Flame speed comparison with T0 of 450K and 1 bar at different Φ of our kinetic 

model with experimental data106 (448K and 1 bar) and different kinetic models from the 

literature62,65,70,72. 

4.1.2. Ignition Delay Time 

 We compared our model to experimental data of Ignition Delay Time (IDT), which measures the 

time it takes for a specific fuel mixture to undergo oxidation and release heat under specific 

thermodynamic conditions of pressure and temperature. The IDT can be defined in various ways, 

such as the time to the maximum heat release rate (dT/dt) or the time of maximum [OH]. In our 

analysis, we utilized the time of maximum [OH] as the relevant IDT definition for our 

comparisons, among other global parameters. 

The comparison was conducted at two different pressure levels, namely 20 and 40 bar, while 

varying the equivalence ratio at values of 0.5, 1.0, and 2.0. The results consistently demonstrate 

a strong resemblance to the experimental data across all cases. However, at 40 bar and an 

equivalence ratio of 0.5, the values exhibit slightly less agreement, although they still fall within 

an acceptable range. 



Figure 33. Ignition delay time comparison of experimental data102 at different Φ and a pressure 

of 20 bar. 

Figure 34. Ignition delay time comparison of experimental data102 at different Φ and a pressure 

of 40 bar. 

4.1.3. Jet stirred reactor I 

This simulation was performed following the conditions established in Stagni et al. 202065.  The 

authors carried out experiments for NH3 oxidation in a Jet Stirred Reactor (JSR) with helium as 

bath gas, by oxidizing 500 ppm of ammonia with 2% and 4% oxygen, respectively. The 

corresponding Φ values were consequently very low, 0.0188 and 0.0093, 



respectively. Results are shown in Figures 35 - 38 for NH3 and NO mole fractions. NO2 was also 

measured but was not experimentally detected in this experimental series in agreement with the 

simulations predicting maximum values of ~1.4 ppm (Shown in Figure 1 A1.3 and Figure 2 A1.3 in 

annex 1).  

Figure 35. Oxidation of 500 ppm of NH3 in a JSR. Experimental65 and modelling results for NH3 at 

Φ = 0.0188, P =1.06 bar, τ = 1.5 s with 2% O2. 



Figure 36. Oxidation of 500 ppm of NH3 in a JSR. Experimental65 and modelling results for NH3 

at Φ = 0.0093, P =1.06 bar, τ = 1.5 s with 4% O2. 

We can observe that, considering the high oxygen concentration present, the reaction starts at 

relatively high temperatures, i.e., at ∼1025K and ∼1000K for 2% and 4% oxygen, respectively.  In 

both cases, the consumption of NH3 occurs relatively rapidly with increasing temperature, being 

halved after just a ∼125 K increase from the reactivity onset for the 4% case and after a ∼100 K 

increase from the start of consumption for the 2% case, respectively. The kinetic model is able to 

predict the experimental data behaviour, although at temperatures higher than 1200 K, it 

predicts slightly less concentration (mole fraction ppm) than what’s presented in the 

experimental data.  

A satisfactory agreement can also be seen for NO. However, the experimental data shows an 

earlier formation of NO with 4% oxygen (∼1 ppm at T = 900 K, where NH3 conversion is close to 

zero) and our model starts NO production at ∼970 K. The shape of NO concentration profile is 

well predicted in the case of 2% oxygen, in particular at the temperature range of 1000 K – 1150 

K, although our simulations increase NO concentrations more quickly and steeply than what the 

experimental data marks at high temperatures ∼1200 K. In the case of 4% oxygen, the trend is 

represented correctly, but the shape is not as accurate. The experimental data presents the NO 

profile having a double inflection point, and this is not seen in our simulation, we predict a steady 

increase of the concentration, which we consider to be a more physically plausible behaviour.  

Figure 37. Oxidation of 500 ppm of NH3 in a JSR. Experimental65 and modelling results for NO at 

Φ = 0.0188, P =1.06 bar, τ = 1.5 s with 2% O2. 



Figure 38. Oxidation of 500 ppm of NH3 in a JSR. Experimental65 and modelling results for NO at 

Φ = 0.0093, P =1.06 bar, τ = 1.5 s with 4% O2. 

4.1.4. Plug Flow Reactor 

Ammonia oxidation was simulated above 1300 K compared with experiments reported in Stagni 

et al. 202065. This experimental data was obtained by injecting 1000 ppm NH3 with 2000 ppm O2 

(Φ = 0.375) meaning its lean conditions. Figures 39 - 44 show a comparison between the 

measured and simulated mole fractions for the major species, NH3, O2, N2, H2, H2O and NO. 

Ammonia conversion initiates at ∼1400 K, and is complete above 1500 K. In this temperature 

interval, H2 is formed as an intermediate product, with an observed peak of about 50 ppm. N2 

and NO are the major nitrogenated products, with the NO yield progressively increasing with 

temperature. 



Figure 39. Oxidation of 1000 ppm NH3 with 2000 ppm O2 in a PFR. Experimental65 data and 

modelling results comparison of NH3 concentration profile. P = 1.27 bar, Φ = 0.375. 

Figure 40. Oxidation of 1000 ppm NH3 with 2000 ppm O2 in a PFR. Experimental data65 and 

modelling results comparison of O2 concentration profile. P = 1.27 bar, Φ = 0.375. 



Figure 41. Oxidation of 1000 ppm NH3 with 2000 ppm O2 in a PFR. Experimental data65 and 

modelling results comparison of N2 concentration profile. P = 1.27 bar, Φ = 0.375. 

Figure 42. Oxidation of 1000 ppm NH3 with 2000 ppm O2 in a PFR. Experimental data65 and 

modelling results comparison of H2 concentration profile. P = 1.27 bar, Φ = 0.375. 



Figure 43. Oxidation of 1000 ppm NH3 with 2000 ppm O2 in a PFR. Experimental data65 and 

modelling results comparison of H2O concentration profile. P = 1.27 bar, Φ = 0.375. 

Figure 44. Oxidation of 1000 ppm NH3 with 2000 ppm O2 in a PFR. Experimental data65 and 

modelling results comparison of NO concentration profile. P = 1.27 bar, Φ = 0.375. 



The kinetic model predicts the ignition temperature reasonably well, and consequently, the NH3, 

O2 and H2O profiles as well. The predicted consumption rate of ammonia and product formation 

is more abrupt than what the experimental data marks (Figures 39 - 44). The location of the H2 

peak is caught on the same temperature range in the simulation but predicts more mole fractions 

of H2 than the values reported in the literature, which are around ~175 ppm and ~60 ppm, 

respectively. Its worth noting that in this case H2 was an intermediate species and our simulation 

predicted accordingly. The onset of NO formation is well reproduced in terms of temperature, as 

well of N2. Additionally, the shape and trend of both profiles is well caught, but an overestimation 

of the NO mole fraction (about 40%) is observed at high temperature. 

4.5.5. Jet Stirred Reactor II 

4.5.5.1 Stoichiometric conditions 

The next benchmarking was done following the experimental set up by Manna et al.107. The study 

was for an oxidation process for a stoichiometric mixture of NH3 with O2. The experimental values 

were obtained at atmospheric pressure and a fixed residence time (τ). The mixtures were diluted 

in argon, to allow the investigation of N2 and NO coming exclusively from NH3. The experimental 

conditions followed for the simulation are depicted in Table 7. The mixtures were diluted in 

argon, this is done to allow the investigation of N2 and NO coming exclusively from NH3. The 

experimental conditions followed for the simulation are depicted in Table 13. 

Table 13. Conditions used in the simulation of oxidation of NH3 in a JSR. 

Conditions Oxidation 

Inlet temperature (T0) 900 – 1350 K 

Equivalence ratio (Φ) 1 

Residence time (τ) 0.25 s 

Pressure 1.2 bar 

Diluent (d) Ar (86%) 

The simulation results on the NH3 oxidation are presented in Figures 45 - 47. In Figure 45 we can 

see the profiles of N2 and O2, with a good representation of the trend of both species throughout 

most of the studies temperature range. However, it can be observed that the start of 

consumption of O2 as well as the production of N2 starts at higher temperatures than observed 

experimentally.  

In Figure 46 shown that our simulation initiates the production of H2 at much higher 

temperatures than the experimental data, (~1100 K to ~950 K, respectively). Also, the trend of 

the simulation is in some disagreement with the literature data. However, the behaviour shown 



in the experimental data, of rising, falling and then rising again is somewhat represented by our 

simulation although, apparently, our model would need higher temperatures to achieve this. The 

range of concentration is also well represented by the simulation. 

Figure 45. O2 & N2 Experimental107 and simulated concentration profiles, for the oxidation of 

stoichiometric NH3/O2/Ar (d = 86%) mixtures, at fixed P = 1.2 bar and τ = 0.25 s, in a JSR. 

Figure 46. H2 Experimental107 and simulated concentration profiles, for the oxidation of 

stoichiometric NH3/O2/Ar (d = 86%) mixtures, at fixed P = 1.2 bar and τ = 0.25 s, in a JSR. 



In the case of NO, although having low concentration values, Figure 50 shows us that the trend 

and behaviour of NO is well represented by our simulation. Nevertheless, the experimental data 

achieves almost the double of the concentration than our simulated data. 

Figure 47. NO Experimental107 and simulated concentration profiles, for the oxidation of 

stoichiometric NH3/O2/Ar (d = 86%) mixtures, at fixed P = 1.2 bar and τ = 0.25 s, in a JSR. 

Overall, this simulation results shows that we have most behaviours and trends captured 

correctly, however there is still room for improvement. 

4.5.5.2. Rich conditions 

This experimental comparison is built upon the previous work conducted by Sabia et al.107, which 

bears remarkable similarity to the stoichiometric conditions case. Nonetheless, a key distinction 

between this case and the prior one107 lies in the substitution of Ar as the bath gas with N2, along 

with a τ value of 0.21 s instead of 0.25 s. The outcomes of this comparison are illustrated in 

Figures 48 – 50, displaying the simulation outcomes for O2, H2, and NO. Notably, in Figure 48, the 

simulated values of O2 consumption are represented relatively well in trend and shape relative 

to the experimental observations.  

Figure 49 shows the results for the simulation of the H2 concentration profile. We see that 

although the simulation predicted the H2 concentration rise at higher temperatures than the 

experimental data, the trend of having a small growth in concentration and then a sudden 

increase. It is worth noting that the highest point of H2 concentration for the experimental data 

is almost ten times larger than the one predicted by the simulation. 



Figure 48. O2 Experimental and simulated concentration profiles for the oxidation of rich 

NH3/O2 mixtures diluted in N2 at 86%, at P=1.2 bar and τ = 0.21 s. 

Figure 49. H2 Experimental and simulated concentration profiles for the oxidation of rich 

NH3/O2 mixtures diluted in N2 at 86%, at P=1.2 bar and τ = 0.21 s. 

In the case of NO, it can be observed in Figure 50 that in this case the initial temperature in which 

the concentration of NO rises is on lower temperatures compared to Figure 47. Also, the trend 

and shape of the profile resembles well the experimental data, however, the amount of NO is 

lower and peaks at higher temperatures than the values shown by the literature. 



Figure 50. NO Experimental and simulated concentration profiles for the oxidation of rich 

NH3/O2 mixtures diluted in N2 at 86%, at P=1.2 bar and τ = 0.21 s. 

4.5.7. High Pressures 

This benchmark simulation was performed using experimental data reported by M.U. Alzueta 66. 

The experimental set up consisted of the reactant gases being premixed before entering a quartz 

flow reactor 153.8 cm (about 5.05 ft) long, with an inner diameter of 6 mm. The aim was to 

investigate the effect of the main variables: oxygen excess ratio (stoichiometric, λ = 1, and 

oxidizing, λ = 3, conditions), pressure (10, 20, 30 and 40 bar) and temperature (from 600 to 1275 

K) using concentration of ammonia ~ 1000 ppm. The excess ratio (λ) is defined according to the

NH3 oxidation reaction to N2 (NH3+0.75O2→0.5N2+1.5H2O) according to the equation:

𝜆 =
(𝑂2)𝑖𝑛𝑙𝑒𝑡

(𝑂2)𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐
 [4.1] 

In the experiments, the flow rate was set as 1000 ml (STP)/min, which gives a temperature and 

pressure dependent gas residence time in the isothermal reaction zone as described in the 

following equation:  

𝑡𝑟(𝑠) = 231.6
𝑃(𝑏𝑎𝑟)

𝑇(𝐾)
[4.2] 

Concentrations of NH3, N2 and O2 are simulated and compared to the experimental data provided 

in the paper81. In the following list there is a summary of the experimental initial conditions. The 

influence of pressure at different temperatures has been evaluated in the 10 to 40 bar range for 

Φ of 1 and 0.3. All experiments were performed in the 600 – 1275 K temperature interval with a 

total flow rate of 100 ml (STP)/min and using Ar as bath gas. 



4.5.7.1. Stoichiometric conditions 

Figure 51. Comparison of experimental81 and simulated NH3 concentration profiles at 10, 20, 

30 and 40 bar, respectively, and Φ = 1.0 using Ar as bath gas. 

Figure 52. Comparison of experimental81 and simulated O2 concentration profiles at 10, 20, 30 

and 40 bar, respectively, and Φ = 1.0 using Ar as bath gas. 



Figure 52. Comparison of experimental81 and simulated O2 concentration profiles at 10, 20, 30 

and 40 bar, respectively, and Φ = 1.0 using Ar as bath gas. 

Figure 53. Comparison of experimental81 and simulated N2 concentration profiles at 10, 20, 30 

and 40 bar, respectively, and Φ = 1.0 using Ar as bath gas. 



4.5.7.2. Lean conditions 

Figure 54. Comparison of experimental81 and simulated NH3 concentration profiles at 10, 20, 

30 and 40 bar, respectively, and a stoichiometric ratio of 0.3 using Ar as bath gas. 

Figure 55. Comparison of experimental81 and simulated O2 concentration profiles at 10, 20, 
30 and 40 bar, respectively, and a stoichiometric ratio of 0.3 using Ar as bath gas. 



Figure 55. Comparison of experimental81 and simulated O2 concentration profiles at 10, 20, 30 

and 40 bar, respectively, and a stoichiometric ratio of 0.3 using Ar as bath gas. 

Figure 56. Comparison of experimental81 and simulated N2 concentration profiles at 10, 20, 30 

and 40 bar, respectively, and a stoichiometric ratio of 0.3 using Ar as bath gas. 

The results obtained from all the simulations consistently exhibit a high level of agreement with 

the corresponding experimental data. Notably, our kinetic model accurately predicts the 



behaviour of all species involved in the experimental analysis. The shapes and trends observed 

in the simulations align closely with the experimental data. 

Specifically, when considering the conditions of high pressure, our kinetic model excels in 

providing a reliable representation of the system. The simulations successfully capture the 

intricate dynamics and intricate interactions taking place under these elevated pressure 

conditions. This robust performance underscores the effectiveness and validity of our kinetic 

model, which proves to be a valuable tool for studying and understanding this system at relatively 

high pressures. 

4.2.1. NH3 with 10% H2 

In our research, we embarked upon a study by examining the experimental data performed by 

Osipova et al.64 Our objective was to simulate the system described in the paper and compare. 

The experiments consisted of a flat burner at atmospheric pressure which was used to measure 

the chemical structure of premixed NH3/H2/O2/Ar flames at Φ = 0.8 and Φ = 1.0 at 4.05 bar. The 

simulation of the flames was done in the same manner. The burner temperature was maintained 

at 368 K throughout the simulations. The molar composition of each simulation is depicted in 

Table 14. It also includes the values of the gas velocity at burner surface reported on the 

experimental data and the one obtained through the simulation. 

Table 14. Molar composition of fresh gas blends and flame stabilization conditions in 

NH3/H2/O2/Ar flames. 

Φ P, bar Reactants mole fraction Gas velocity at burner surface 
(cm/s) T0=368 K 

NH3 H2 O2 Ar Exp data Simulated 
0.8 4.05 0.077 0.04 0.121 0.762 7.72 5.542 
1.0 4.05 0.082 0.0508 0.1123 0.7549 7.72 9.093 

Figures 57 and 58 show the main consumed and produced species in terms of concentration for 

both the lean and stoichiometric conditions studied, respectively. Our simulated values and the 

experimental data have significant discrepancies for certain species. Notably, the observed 

disparities were primarily associated with the consumption of oxygen and water production for 

the lean case and for the stoichiometric conditions it also included less consumption of hydrogen. 

However, the quantities of nitrogen remained consistent between our simulation and the 

experimental data.  

An atom balance analysis we performed showed that the experimental data is inconsistent and 

potentially erroneous, not keeping atom balance for the N and H elements. The implications of 

this finding raise important questions regarding the accuracy and reliability of the original 

experimental measurements presented in this experimental work. The observed discrepancies, 



with oxygen consumption and water production falling short in our simulation but nitrogen 

quantities remaining constant, suggest the presence of systematic errors or inaccuracies in the 

reported experimental data. Further investigation and validation are warranted to ascertain the 

true nature of the observed inconsistencies and to establish a more accurate representation of 

the system under study. 

Figure 57. Mole fraction profiles of NH3, H2, H2O, N2 and O2 for lean NH3/H2/O2/Ar flames at 

4.05 bar. 

Figure 58. Mole fraction profiles of NH3, H2, H2O, N2 and O2 for stoichiometric NH3/H2/O2/Ar 

flames at 4.05 bar. 



Although there are problems in the reported values, these comparisons were fruitful to analyze 

intermediate and overall species that are not tracked in most papers. The experimental data 

should be taken with a grain of salt, as noted above. However, a qualitative comparison is still 

beneficial. In Figures 59 – 72 comparisons between experimental data and simulation results of 

our model can be observed. 

4.5.9.1 Lean conditions Φ = 0.8 

Figure 59 shows the comparison between the experimental data and the simulated results of NO. 

It can be observed that in this case, the prediction of the mole fraction is ~42% smaller compared 

to the experimental final conversion value. The temperature in which the NO starts to form is 

higher than the one obtained experimentally64. 

Figure 59. Mole fraction profile comparison of experimental64 and simulated values of NO for 

lean (Φ = 0.8) NH3/H2/O2/Ar flames at 4.05 bar. 

Figure 60 shows three different plots for the species N2O, the porpoise of this is to showcase the 

differences and similarities in more depth between the experimental data and the simulation 

results. Figure 60 A shows the original plot in which the maximum value obtained in our 

simulation is considerably higher (~0.006) than the reported experimentally (~0.001). Also, the 

trend between the fraction profiles differs deeply, but this is due to the difference in the values 

of the peaks. In Figure 60 B the profile obtained experimentally with the simulated one reduced 

10 times. This shows that the trend is similar just with a much larger mole fraction value at the 

maximum point, but the trend is the same and we also get the behaviour of increasing the mole 

fraction until it starts to decrease and consume all the N2O. Figure 60 C is a close up on the 

experimental values compared to the actual size of the simulation results.  



(A) 

(B) 

(C) 

Figure 60. Mole fraction profiles comparison of experimental64 and simulated values of N2O for 

lean (Φ = 0.8) NH3/H2/O2/Ar flames at 4.05 bar. (A) Unmodified fraction profile. (B) Profile 

reduced 10 times. (C) Unmodified fraction profile close to the experimental data. 



Figure 61 shows an odd behaviour by the simulated prediction. The trend of increasing and slowly 

over the height of the burner decreasing in mole fraction is captured relatively well. However, 

~0.75 mm there is an abrupt decrease in the mole fractions that doesn’t represent something 

physically viable.  

Figure 61. Mole fraction profile comparison of experimental64 and simulated values of NO2 for 

lean (Φ = 0.8) NH3/H2/O2/Ar flames at 4.05 bar. 

In the case of the mole fraction profile of H, it can be seen in Figure 62 that our simulation 

predicted relatively well the behaviour of an intermediate species and the height above the 

burner at which the maximum peak is reported in the experimental data. However, the value of 

the mole fraction is considerably lower than the experimental value (~40%). 

Figure 62. Mole fraction profile comparison of experimental64 and simulated values of H for 

lean (Φ = 0.8) NH3/H2/O2/Ar flames at 4.05 bar. 

In Figure 63 it can be appreciated that the behaviour and trend of the O profile is relatively well 

represented by our simulation compared to the experimental values. The results show the peak 



of conversion at approximately the same height and mole fraction value and the decrease that 

comes after is also well predicted. 

Figure 63. Mole fraction profile comparison of experimental64 and simulated values of O for 

lean (Φ = 0.8) NH3/H2/O2/Ar flames at 4.05 bar. 

Figure 64 displays the mole fraction profiles for the OH species, showcasing a relatively good 

representation of the experimental values in the simulation. However, there are some 

differences worth noting. The conversion values in the simulation appear to be smaller compared 

to the experimental data, and the decrease after the maximum peak is more abrupt in the 

simulation. 

Figure 64. Mole fraction profile comparison of experimental64 and simulated values e of NO for 

lean (Φ = 0.8) NH3/H2/O2/Ar flames at 4.05 bar. 

Finally, Figure 65 shows the comparison for the NH2 species, in which a similar trend of being an 

intermediate species with a short distance in the burner is observed. However, the results 



predicted by our simulation are at a larger height above the burner and a considerably higher 

value of the maximum peak of conversion. 

Figure 65. Mole fraction profile comparison of experimental64 and simulated values of NH2 for 

lean (Φ = 0.8) NH3/H2/O2/Ar flames at 4.05 bar. 

4.2.2. Stoichiometric conditions Φ = 1.0 

Under stoichiometric conditions, we present the species that exhibited significant changes 

throughout the simulation. Species that do not appear in this section retained consistent trends 

during the simulation. Figure 66 shows the mole profiles for NO, and we can see a reasonable 

improvement in the prediction of the amount of NO. 

Figure 66. Mole fraction profile comparison of experimental64 and simulated values of NO for 

stoichiometric (Φ = 1.0) NH3/H2/O2/Ar flames at 4.05 bar. 



Figure 67 shows that although the simulation results maintain the intermediate species 

behaviour, shown previously in Figure 62. However, the experimental values for stoichiometric 

conditions showcase a different behaviour not decreasing to zero the value of mole fraction. 

Although, it's worth noting that the experimental values reported are too small to generate 

conclusions. 

Figure 67. Mole fraction profile comparison of experimental64 and simulated values of H for 

stoichiometric (Φ = 1.0) NH3/H2/O2/Ar flames at 4.05 bar. 

Figures 67 – 70 show the profiles for O and OH, respectively. In these two cases, the simulated 

values have increased considerably compared to the experimental values. In fact, for the O 

profiles, the experimental mole fraction value decreased from ~0.00014 to ~0.00005 and the 

simulated mole fraction results increased from ~0.00014 to ~0.00025. However, the trend is 

considerably well represented in both cases. 

Figure 68. Mole fraction profile comparison of experimental64 and simulated values of O for 

stoichiometric (Φ = 1.0) NH3/H2/O2/Ar flames at 4.05 bar. 



Figure 69. Mole fraction profile comparison of experimental64 and simulated values of OH for 

stoichiometric (Φ = 1.0) NH3/H2/O2/Ar flames at 4.05 bar. 

Figure 70 shows the mole fraction profiles for NH2, showing a well fit of the results with the 

experimental data. The simulation represents well the trend and behaviour as well as the value 

of the maximum peak of the amount of NH2 created. The increase and decrease in the mole 

profile aligns with the previous results showing that its an intermediate species. 

Figure 70. Mole fraction profile comparison of experimental64 and simulated values of NH2 for 

stoichiometric (Φ = 1.0) NH3/H2/O2/Ar flames at 4.05 bar. 



5. Conclusions

This work presents the first automatically generated predictive chemical kinetic model for ammonia 

oxidation with and without hydrogen as an additive. The current state of literature models is 

unsatisfactory: alarming disagreements exist in thermodynamic parameters as well as in some reaction 

rate constants. In the recent five years (2018-2023) 18 different chemical kinetic models for NH3 oxidation 

were published. This plethora of models does not show the community understands NH3 combustion, but 

on the contrary, that it still did not come up with a consistent predictive model. 

We see the present work within the MIT-PP framework as revolutionary both to the specific field of 

modelling ammonia oxidation, as well as to the larger chemical kinetic community. It serves as an alarming 

mirror for the community, highlighting fundamental flaws in the current approach where parameters are 

modified per study, and often many model parameters are not justified. In our analysis we show the large 

discrepancy in parameters used in the current literature models and suggest a way forward. 

We suggest a consistent set of thermodynamic and kinetic parameters to be adopted by the community. 

At the very least, we expect that future works will justify any modification they make to these suggested 

parameters. We performed high level electronic structure computations to achieve a consistent set of 

thermo-kinetic values to be used in the model. Our model predicts satisfactorily experimental 

observations. We intend to finalize this fundamental model and publish it soon. 
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