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The reduction of nitrogen oxides (NOx) is a perennial challenge for fuel combustion. Electric field enhanced
combustion is a promising technology to decrease NOx emissions during the combustion process. This study aims
to investigate the effects of electric field on fuel-NOx formation during pyridine (the main nitrogen-containing
compounds in fossil fuels) combustion. The yields of main products (NO, NOj, N2, CO and CO,) are investi-
gated during pyridine oxidation with external electric field imposed. Results indicate that electric field can

reduce emissions (CO and NO) during pyridine combustion. Moreover, the reaction mechanisms of pyridine
oxidation under different electric fields are explored at atomic scales, which provides an explanation for the
changes of main products at varying electric field characteristics. This study fills the current knowledge gaps
concerning the electric field influence on fuel-NOx emissions, which has the potential to form control strategies
for NOx emissions during fossil fuel combustion.

1. Introduction

The reduction of nitrogen oxides (NOx) is a long-lasting challenge for
fuel combustion. Electric field (EF) enhanced combustion is a promising
technology to decrease NOx emissions by modifying the reaction
mechanisms during combustion process [1-3]. To develop a control
strategy of NOx emissions from combustion via EF, both qualitative and
quantitative understanding of the effects of electric field on fuel com-
bustion is of great importance.

There have been many efforts to reveal the EF effects on NOx for-
mation during fuel combustion. For instance, Zake and co-workers
carried out experiments to investigate the EF influence on NO emis-
sions during natural gas combustion [4]. They proposed that EF could
decrease thermal NOx formation up to 30-80 % during natural gas
combustion [4]. An experimental study of EF influence on biomass
gasifier combustion was conducted by Barmina and co-workers [5].
Results indicated that CO and NOx emissions were reduced when
external EF was applied. Most and co-workers found that EF could
control NOx emissions during methane combustion in air [6]. Previous
studies by experiments and CFD simulations also demonstrated that EF
could reduce NOyx emissions during propane combustion in air [7-9].
Though the above findings demonstrate the overall effects of EF on NO
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emissions during fuel combustion, many questions remain. For example,
except thermal NOX, could the electric field control fuel-NOx formation?
How would the EF strength affect the NOx emissions quantitatively? To
resolve those questions, more detailed studies using time- and space-
resolved methods are desired. Another observation is that previous
studies on this topic have employed simple gaseous fuels, while more
complex fuels or solid fuels have not been investigated.

Due to the limitations of current measurement techniques, experi-
mental studies cannot provide time-resolved, full-field information,
making it hard to accurately reveal the underlying chemical mechanisms
during fuel combustion. Alternatively, a high-resolution computational
method called Reactive Force Field Molecular Dynamics (ReaxFF MD)
can overcome this problem by revealing reaction mechanisms at the
atomic level with acceptable computational cost. ReaxFF MD simula-
tions have recently been applied to investigate mechanisms for the EF
effects on ethanol [10,11], hydrogen/methane [12], toluene [13], n-
dodecane [14] combustion as well as n-decane [15] and RDX molecular
crystals [16] pyrolysis. The aim of the present study is to extend the
investigation to more complex fossil fuels. As the molecular structures of
fossil fuels are complex and uncertain [17], pyridine, the main nitrogen-
containing compounds in fossil fuels [18-20], is used as a surrogate for
the source of fuel-NOx emissions.
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Table 1
Initial parameters of studied systems.

System  Number of Number of O, E/V- Density Box size
CsHsN molecules nm ! (g/cm3) (nm)
molecules

1 80 540 0 0.3 5.07

2 80 540 1 0.3 5.07

3 80 540 2.5 0.3 5.07

4 80 540 5 0.3 5.07

5 80 540 7.5 0.3 5.07

In this study, we performed ReaxFF simulations to investigate the
effects of EF on pyridine combustion. The main objectives of this paper
are: (a) to study the EF influence on the yields of main products (CO,
CO9, NO, NO7 and Ny); (b) to identify the formation mechanisms of main
products under varying electric field strengths; (c) to explain the effects
of EF on the generation of key products from the atomic perspective.

2. Methods
2.1. ReaxFF MD

The ReaxFF is a force field method that was originally developed by
van Duin and co-workers [21]. ReaxFF employs a bond-order formalism
in conjunction with polarizable charge descriptions to determine both
reactive and non-reactive interactions between atoms [22]. Energy
contributions to the ReaxFF potential are shown as follows:

Esysiem = Epond + Eover + Eangle + Etors + Evawaats + Ecoutomb + Especific (@9)

where the terms are total energy, bond energy, penalty energy, valence
angle energy, torsion angle energy, van der Waals energy, Coulomb
energy and specific energy, respectively [22].

2.2. Case set-ups

The initial parameters of studied systems are shown in Table 1. The
number of pyridine molecules in every system is 80 and the density is
0.3 g/cm®. The equivalence ratio (1) of pyridine oxidation is calculated
based on the following global reaction:

CsHs5N +6.750,—5C0, +NO +2.5H,0 2)
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System 1 simulates pyridine oxidation in air under stoichiometric con-
ditions (A = 1). In systems 2 ~ 5, to study the effects of EF on pyridine
combustion, electric strengths ranging from 1 ~ 7.5 V/nm are imposed
in the +x direction. The details of system configurations are shown in
Fig. 1.

2.3. Simulation details

Large-scale Atomic/Molecular Massively Parallel Simulator
(Lammps) [23,24] and the reactive force field of C/H/O/N parameters
[25,26] were used for all ReaxFF MD simulations. The time step and
cutoff values were chosen to be 0.1 fs and 0.3, respectively. The ca-
nonical ensemble (NVT) [27] was selected for all ReaxFF MD simula-
tions. Firstly, every system underwent energy minimization and system
equilibration at a temperature of 500 K for 100 ps. Afterwards, the
system temperature was raised to the final temperature at 2600 K with a
heating rate of 100 K/ps. Then the system temperature was kept con-
stant. The total simulation time was 1000 ps. All output information was
recorded every 100 fs. To avoid biases during the simulation process, all
simulations were performed three times.

2.4. Post-processing

The visualisations of atomic trajectories were produced using the
VMD software [28]. Chemical Trajectory Analyzer (ChemTrayzer)
scripts was used to analyse reaction pathways [29]. The data used in the
figures are the average results of three replicate simulations for each
case. Error bars in all figures are Standard Error (SE) of three replicates.
The net flux (NF) was calculated for every individual reaction, which
means the number of times the direct reaction occurred minus the
number of times the reverse reaction happened [30].

3. Results
3.1. Time evolution of reactants and species number

The time evolutions of CsHsN and O with EF strengths ranging from
0 to 7.5 V/nm are used to study the influence of EF on reaction rates of
reactants during the combustion process. As shown in Fig. 2a and 2b, EF
inhibits the consumption of CsHsN and O3 in E = 0-2.5 V/nm, however,
accelerates reaction rates with EF strength of 2.5-7.5 V/nm. Fig. 2c and
2d show the number of species in systems under varying EF strengths as

-0

Cc

Fig. 1. System configurations for pyridine oxidation under varying EF strength. (a) pyridine oxidation system, (b) pyridine structure, (c) O, structure. C, H, O and N
atoms are represented in grey, white, red and blue, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 2. Time evolution of reactants and species number. (a) CsHsN; (b) Oy; (c) species number (E = 0 ~ 2.5 V/nm); (d) species number (E = 0&5&7.5 V/nm).
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Fig. 3. Effects of EF on the yield of main nitrogen-containing products. (a) NO and NO,; (b) NOx (NO + NO,) and Na.

the reaction goes. Overall, the number of species first increases to the
peak point promptly and then decreases subsequently in all cases. Be-
sides, the maximum species number formed during pyridine combustion
rises as EF strength increases. The above findings imply that the impo-
sition of EF modifies the reaction rates of reactants and the formation of
species during pyridine oxidation, which agrees with previous studies
[10,11].

3.2. Effects of electric field on nitrogen-containing products (NO, NO2
and N3)

Fig. 3 shows the effects of the EF on the generation of key nitrogen-
containing products. As the EF strength increases, the yield of NO shows

a downward trend when the E value is in the range of 0-7.5 V/nm.
However, EF has an insignificant influence on the generation of NO and
N, at the end of simulations in all cases. In addition, as NO dominates
over NOy in magnitude, the trend of NOx (the sum of NO and NOy)
variations with respect to EF is the same with that of NO.

To reveal how the EF changes the generation of key products,
transfer pathways of main nitrogen-containing intermediates with and
without the imposition of EF were scrutinized and compared. Generally,
pyridine molecules are oxygenated to oxygen-containing intermediates
(CsHsNO, CsH4NO,, CsH4NO and CsH3NO») first. Then those in-
termediates open rings to form chain species. After that, the chain de-
composes into HCN, CN, CNO and HNO, which will convert to main
nitrogen-containing products via a series of reactions. The findings on
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Fig. 4. Effects of EF on transfer pathways of main nitrogen-containing intermediates. The radicals in the blue box are the starting intermediates. The numerical
values in the figure are intensities of electric field. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 2
Net flux (NF) of reaction pathways linked with NO, NOy and Ny inE=0 ~ 7.5V/
nm.

Pathways 0 1 2.5 5 7.5
CNO, —» NO 90 86 55 56 33
HNO — NO 13 7 13 7 -1
CHNO;3; — NO 14 5 9 22 18
CNO3; - NO 12 12 5 8 10
CNO4 — NO 0 0 11 0 2
Total NO generation 129 110 93 93 62
NO — CN30 8 6 13 14 19
NO — NO, 3 4 4 9 -5
NO — HNOs3 17 7 8 2 13
NO — HNO, 2 23 14 33 32
NO consumption 30 40 39 58 59
Net NO generation 99 70 54 35 3
NO - NO, 3 4 4 9 -5
HNO; — NO, 13 5 2 -3 2
HNO; — NO, 1 17 5 13 12
Total NO, generation 17 26 11 19 9
NO; — CNOg 7 11 4 2 1
Net NO, generation 10 15 7 17 8
CN,0 - N 5 10 8 7 0
CoN202 — Ny 7 8 8 3 0
CHN303 — Ny 0 0 0 0 7
C2HN,03 — N3 0 0 0 0 6
Total N, generation 12 18 16 10 13

the reaction mechanisms of pyridine oxidation are in good agreement
with previous results [31]. Here, we focused on the influence of the EF
on the reaction pathways from HCN, CN, CNO and HNO to key nitrogen-
containing products (NO, NO, and Ny).

As shown in Fig. 4, CoN209 is an important intermediate for Ny
generation, which is formed by reaction R1 (CNO + CNO — C3N203) in
all cases. The pathways CoN202 — CN2O — Ny and CaN2Oy — Ny by
reactions R2 (C;N2O5 — CN2O + CO) and R3 (CN2O — Ny + CO) and R4
(CaN305 — N3 + 2C0) occur in E = 0-5 V/nm cases. However, when the
EF strength is 7.5 V/nm, N; is generated through pathways CaN2O2 —
CzHNgOg d N2 and CNzOZ - CHN203 - CHNzOg - Nz. Five pathways
for forming NO are determined during pyridine combustion. In all
conditions, NO is generated by thermal decomposition of CNO2, CHNO3
as well as CNO3 and HNO oxidation reactions with Oy, OH and HO». The
pathway CNO; — CNO4 — NO is found in E = 2.5 and 7.5 V/nm con-
ditions. NO molecules are consumed by the generation of HNO2, HNOg3,
NO, and CN5O, in both electric and electric-free conditions. The

formation of NOs is via pathways NO — HNO; — NOy, NO — HNO3 —
NO; and NO — NO; in all conditions. The conversion from NO5 to CNO3
is the only pathway for NO, consumption. The pathway of CNO/HCN —
CHNO; — CNO, is observed in E = 5 and 7.5 V/nm cases.

To further identify the contributions of each pathway to the forma-
tion of NO, NO, and Np, the net flux (NF) analysis of key reaction
pathways is summarised in Table 2. Overall, the net NF and yields of
main products (NO, NO, and N3) changes with the EF strength, which
proves the effectiveness of the NF analysis in detailed investigation of
the underlying mechanisms.

Specifically, the increase of EF strength inhibits NO generation, by
contrast, promotes NO consumption during pyridine combustion.
Among them, the influence of EF on the contributions of CNO3 and CNO3
to the formation of NO is not significant. However, the NF of CNO; — NO
via R5 (CNO3 — CO + NO) decreases with EF strength, which accounts
for the changes of total NO generation under varying conditions. As for
NO consumption, EF promotes the conversion from NO to CN30, and
HNO,, however, presents unsignificant influence on the pathways NO
— NO; and NO — HNOs. Thereby, the promotion of NO consumption
with increasing EF strength is mainly through pathways NO — CN20,
via R6 (NO + CNO — CN30O) and NO — HNO, via R7 (NO + OH —
HNOy).

Regarding NOs, the effects of EF on NO5 generation and consumption
(NO3 — CNOg) are almost the same over E = 0-7.5 V/nm. When the
value of EF strength is in the range of 0 to 1 V/nm, the NO; generation
and consumption increase with increasing EF strength, whereas the
increasing EF strength leads to a decrease of the conversion when E is
greater than 1 V/nm. Those results suggest that the insignificant influ-
ence of EF on net NF of NO, generation is the collective contribution of
both NO, formation and consumption. The NO, formation from HNO3
by reactions R8 (HNO3 — NO; + OH) and R9 (HNO3 + OH — H30, +
NO,) is weakened as E increases. The conversion from HNO, to NO, is
enhanced by the increase of EF strength over E = 0-1 V/nm. Conversely,
the increasing EF strength slightly inhibits the NO, formation when E is
in the range of 1 to 7.5 V/nm. Therefore, the influence of EF on NO,
generation is through the co-contribution of HNO3 and HNO3 to NOy
with EF strength increasing. Though the EF changes the reaction path-
ways of Ny formation from CN»O (R3) and C2N20, (R4) to CHN2O, via
R10 (CHN203 — N3 + CHO3) and CoHN,O3 via R11 (CoHN2O3 — No +
CHO; + CO) in the E = 7.5 V/nm case, the total NF of N, generation
almost remains the same under various EF strengths.
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Fig. 5. Effects of EF on main nitrogen-free products. (a) CO; (b) CO2; (c) unburn carbons (CxHyNzOn); (d) proportion of CO and CO, generated by thermal

decomposition of oxygen-containing intermediates.

Table 3

Net flux (NF) of reaction pathways related to CO and CO5in E = 0 ~ 7.5 V/nm.
Pathways 0 1 2.5 5 7.5
CO — CO, 171 159 142 69 26
CO — COs3 259 258 236 213 205
CO — CHO, 126 84 84 47 26
CO — CHOs3 21 21 30 10 10
Total CO consumption 577 522 492 339 267
CO — CO, 171 159 142 69 26
CO3 - COy 163 182 165 138 125
CHO;, — CO, 101 115 127 147 97
CHO3 — CO, 65 66 85 80 116
CHO4 — CO, 10 0 16 26 27
CO4 — CO, 0 0 0 7 20
Total CO, generation 510 522 535 467 411

3.3. Effects of electric field on carbon-containing products (CO and CO3)

Fig. 5a-5c¢ compare the yields of CO, COy and unburned carbon
(CxHyNzOn) at varying EF conditions. As the EF strength increases, the
generation of CO is inhibited over E = 0-7.5 V/nm. However, as the EF
increases, the number of CO; keeps the same firstly with E raging from
0 to 2.5 V/nm, while shows an upward trend over E = 2.5-7.5 V/nm.
The increase of EF also promotes the yield of unburned carbon
(CxHyNzOn) at the end of simulations. To illustrate how the EF affects
the yields of CO and CO,, we explored the reaction mechanisms of CO
and CO; at varying electric strengths during pyridine oxidation.

During pyridine combustion, two stages are observed for CO and CO,
generation. Firstly, pyridine molecules are oxygenated to oxygen-
containing intermediates, followed by ring-opening reactions forming

chain species. Those chained intermediates undergo thermal decompo-
sition forming CO and CO- by reactions R12 (CyHyN,O — Cx.1HyN,Op.2
+ CO2) and R13 (CyHyN,Oy — Cx.1HyN;Op1 + CO). As observed in
Fig. 5d, EF slightly inhibits the generation of CO, generated from
decomposition of oxygen-containing intermediates in E = 1 and 2.5 V/
nm cases. However, when the value of EF strength is larger than 2.5, R12
is significantly enhanced by the increase of E values. After that, there is
CO, formation through the conversion from CO to CO2. The NF of
pathways related to CO and CO- under different electric field intensities
is listed in Table 3.

For CO consumption, four pathways were observed, which are CO —
CO4, CO - CO3, CO —» CHO3 and CO — CHOs. EF shows strong inhi-
bition effects, in terms of NF, on the conversion from CO to CO,, CO3 and
CHO> mainly through the following reactions:

CO + HO, — CO, + OH (R14)
CO+0,>CO,+0 (R15)
CO + NO, — CO, + NO (R16)
CO + 0, + HO — CO, + HO, (R17)
CO + 0 - CO, (R18)
CO + HO - CO, + H (R19)
CO + 02 - CO; (R20)
CO + HO — CHO, (R21)
CO + H,0, —» CHO, + HO (R22)
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And the NF of CO - CHO3 via R23 (CO + HO, — CHO3) is less
affected by changes in EF strength. The NF of total NO consumption
shows a downward trend with EF intensities. As mentioned previously,
EF promotes the unburned carbon formation in all cases, and decreases
the CO; generated from decomposition of oxygen-containing in-
termediates in E = 5 and 7.5 V/nm cases. Thus, the decrease of CO
number with EF intensities is main caused by the inhibition effects of CO
generation during pyridine combustion.

Table 3 also indicates that CO, CO3, CHO,, CHO3, CHO4 and CO4 are
key precursors for CO, generation. Specifically, the conversion from CO
to CO3 by reactions R15-R19 is enhanced by EF strength in all condi-
tions. Besides, as EF intensities increase, the NF of CO3 — CO, shows a
parabolic trend and reaches the peak point at E = 1 V/nm mainly by R23
(CO3 — CO3 + 0O). The conversion from CHO3 to CO; is enhanced by EF
in E = 0-5 V/nm cases, but decreases with E ranging from 5 to 7 V/nm.
Reaction R24 (CHO; + Oz — CO3 + HOy) plays a vital role on the
conversion of CHO, to CO, under varying conditions. High EF also
promotes CO5 generation from CHO3 via R25 (CHO3 — CO2 + HO) and
CO4 via R26 (CO4 — CO3 + O). The NF of pathway CHO4 — CO»
through R27 (CHO4 — CO2 + HOy) first decreases with E = 0-1 V/nm,
and then increases when EF strength is larger than 1 V/nm. Overall, the
total NF of CO, formation is slightly enhanced over E = 0-2.5 V/nm, but
decreases with E ranging from 2.5 to 7.5 V/nm. While the CO from the
decomposition of oxygen-containing intermediates in E = 1-2.5 V/nm
cases, the promotional influence of EF on COy production causes the
yield of CO; to almost remain constant. When E is larger than 2.5 V/nm,
the reaction R12 plays a domain position on CO, generation, causing the
increase of CO; yield at the end of simulations.

4. Discussion

In the present study, we shed light on the effects of EF on pyridine
oxidation through ReaxFF MD simulations for the first time. Results
indicate that EF plays a positive role in the control of formation of
emissions (NO and CO) during fuel combustion. Furthermore, the
changes of main products (NO, NOg, N3, CO and CO,) are interpreted at
the atomic scale.

The EF can modify reaction pathways during fuel combustion by
making charge carriers move in specified directions, thus altering the
interactions between charged intermediates [32]. Besides, the collision
of accelerated particles with neutral molecules increases the reactivity of
the mixture. As a result, the reaction mechanisms are modified by EF
during the combustion process.

The performance of EF in controlling emissions under different
electric intensities is compared as well. According to the above analysis,
the inhibition influence of EF on emissions is outstanding at E = 7.5 V/
nm, where the yields of NO, NOx and CO are reduced by 61 %, 48 % and
90 %, respectively. Meanwhile, the increase of EF strength also promotes
the unburned hydrocarbons, leading to the decrease of combustion ef-
ficiency and increase of the ash formation. Thus, by varying the in-
tensities of the EF, different requirements for emissions can be achieved.

EF intensities required in ReaxFF MD simulations are usually several
orders of magnitude larger than those in experiments because of a
temporal difference between experimental and simulation timescales,
which is also supported by previous studies [33-35]. ReaxFF MD often
uses greater temperatures than in experiments to speed simulations
because of the high computational cost, which has been validated to
reproduce reaction mechanisms observed in experiments [36-38].
Under this strategy, the random motion of particles is significantly faster
than that in experiments. Therefore, more strong EF intensities are
required to change the motion of particles and final yields of products in
MD simulations.

5. Conclusions

In this study, ReaxFF MD simulations were conducted to investigate

Table Al
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Full list of elementary reactions during pyridine combustion.

CNO, —» NO

CNO, —» CO + NO

O3 + CNO, — CO3 + NO
HNO - NO

HNO + HO — H,0 + NO
HNO + HO, — H,0, + NO
H + NO - HNO

HNO + O — NO + HO
HNO + 02 — HO; + NO
CHNO; — NO

CHNO3 — CHO, + NO
CNO3; —» NO

CNO3 — CO, + NO

NO — CN20»

CNO + NO — CN20,

NO - NO,

CO + NOy — CO, + NO
HO2 + NO — HO + NO,
H,0, + NO — H,0 + NO,
NO + O - NO,

H + NO; - NO + HO

NO — HNO;

HO, + NO — HNOg

NO — HNO,

H,0, + NO — HNO, + HO
NO + HO — HNO,

HNO, + CO — CHO; + NO
HNO; — NO,

HNO; — HO + NO,

HNO; + HO — H,0, + NO,
HNO; — NO,

HNO, + HO — H,0 + NO,
0, + HNO, — HO, + NO,
HNO, + O — HO + NO,

H + NO, — HNO,

HNO, + HO, — H,0, + NO,
NO, — CNO3

CO + NO, — CNO3

CN20O - N

CN,O — N3 + CO

C2N,0, — Ny

C2N202 — Ny + CO + CO

CNO4 - NO

CNO4 — CO3 + NO

CHN,05 — N2

CHN30;3 — N + CHO,
C,HN,0; — N,

C,HN,03 — Ny + CHO, + CO
CO — COy

CO + HO; - CO; + HO

CO +0;—-CO2+0

CO + NO, = CO, + NO

CO + 03 + HO — CO2 + HO,
CO +0 — CO,

CO +HO - CO; +H

CO + Hy02 — Hy0 + CO2
CO - CO3

CO + 0z — CO3

CO — CHO,

CO + HO — CHO,

CO + Hz03 - CHO; + HO
CO + HO3 — O + CHO,

CO — CHOs3

CO + HO; — CHO3

C03 - C02

CO3 - CO, + 0O

CO3 + H20 - CO3 + HO + HO
H0 + CO3 — CO3 + Hz0,
CO3 + HO — CO, + HO,

CO + CO3 — CO; + CO2

CO3 + 0z = CO3 + O3

CO3 + HO3 — €O, + O, + HO
CHO, — CO,

CHO, + 03 — CO; + HO,
CHO, — CO, + H

CHO, + HO — Hy0 + CO,
CHO; + HO, — CO3 + Hy0,
CHO, + H,0, — H,0 + CO, + HO
CHO3 — CO4

CHO3; — CO, + HO

05 + CHO3 — CO, + HO3
CHO,4 — CO,

CHO4 — CO2 + HO,

CO,4 — CO,

CO4 = CO2 + O,

the effects of EF on pyridine combustion. The consumption rates of re-
actants and yields of main products (NO, NOj, N3, CO and CO;) are
influenced during pyridine oxidation by imposed external EF. Besides,
the reaction mechanisms of pyridine oxidation under different EF
strengths are explored at atomic scales, which can explain the changes in
the yields of main products at varying EF strengths. Results indicate that
EF suppresses CsHsN and O consumption at E = 0-2.5 V/nm but en-
hances the reaction rates at E = 2.5-7.5 V/nm. And the maximum
number of species generated during pyridine combustion grows as the
EF strength increases. In addition, EF decreases the yields of NO and CO,
however, shows an insignificant influence on NO3 and Ny in all cases.
The yield of COy almost remains constant at E = 0-2.5 V/nm, but in-
creases when EF strength is larger than 2.5 V/nm via reaction CxHyN,Op
— Cx.1HyN,Oy.2 4 COo. In particular, EF inhibits the formation of NO by
pathway CNOz — NO (CNO3 — CO + NO), however promotes NO
consumption through pathways NO — CN204 (NO + CNO — CN305) and
NO — HNO; (NO + OH — HNOy). This study fills a knowledge gap
regarding the EF influence on fuel-NOx emissions, which facilitates the
development of strategies for controlling NOx emissions during fossil
fuel combustion.
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