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After molecular nitrogen, nitrous oxide (N2O) is the second most abundant nitrogen

compound in the atmosphere and its concentration is rising at rate of 0.26% yr�1 (0.7 ppb

yr�1). In the troposphere N2O is a relatively stable compound, however it is reactive in the

stratosphere, where it is destroyed by photolysis with ultraviolet radiation. While photol-

ysis in the stratosphere removes this potent greenhouse gas from the atmosphere, sub-

sequent reactions also destroy protective ozone. Hence N2O is both a greenhouse gas and

an ozone depleting gas and its increasing levels in the atmosphere warrant further un-

derstanding of its sources, including combustion. Most research on combustion generated

N2O has focused on emissions from solid and liquid fuels, since these fuels contain ni-

trogen bonded to their molecular structure (fuel-nitrogen). It has been shown that this fuel

bound nitrogen can be oxidized into N2O under relatively low temperature conditions. To

date, direct emissions of N2O from combustion of typical gaseous fuels (which have no fuel

bound nitrogen) have not received attention due to the established link fuel nitrogen and

N2O emission. This paper presents evidence of alternative mechanisms of N2O emissions

that do not involve fuel bound nitrogen. Of particular interest are lean premixed flames

widely used for current low NOx combustion systems. Measurements were made under

different operational modes: Steady state, ignition, and lean blowoff. A variety of gaseous

fuel mixtures without fuel nitrogen including natural gas were considered, including,

biogas and natural gas with up to 70% H2 added (by volume). The results indicate that

combustion of these fuels can directly emit significant levels of N2O, in particular during

transient events such as ignition and blowoff. Furthermore, steady state combustion of

hydrogen enriched natural gas flames (which can be operated at very lean conditions due

to the stabilizing effects of hydrogen), can also lead to the direct emissions of N2O.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Nitrous oxide (N2O) is present in earth's atmosphere at a trace

level, yet is the most abundant nitrogen compound in the
du.co, andresc380@gmail
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atmosphere after molecular nitrogen. The concentration of

N2O is rising at rate of 0.26% yr�1, and its current mixing ratio

in air is on the order of 320 parts per billion (ppbdv) [1]. This

concentration has been increasing linearly over the last few

decades as a consequence of the introduction of nitrogen
.com (A. Colorado).

evier Ltd. All rights reserved.

of nitrous oxide from combustion of gaseous fuels, International
e.2016.09.202

mailto:felipe.colorado@udea.edu.co
mailto:andresc380@gmail.com
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2016.09.202
http://dx.doi.org/10.1016/j.ijhydene.2016.09.202
http://dx.doi.org/10.1016/j.ijhydene.2016.09.202


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e92
compounds into the atmosphere at a rate greater than its rate

of removal [2,3]. N2O is one of the long-lived greenhouse gases

(CO2, CH4 and N2O) and its global warming potential calcu-

lated over a timescale of 100 years is 300 times as potent as

CO2. In the troposphere, N2O is a relatively stable compound,

which allows it to (1) act uninhibited as greenhouse gas (GHG)

and (2) be convected into the stratosphere, where N2O is

destroyed by direct photolysis by ultraviolet radiation. The

destruction of N2O, while removing a potent GHG from the

atmosphere, cascades into a different environmental prob-

lem: NO is formed by reaction with excited atomic oxygen,

which causes decomposition of stratospheric ozone (O3), thus

diminishing the protective role of the ozone layer against

harmful effects of UV radiation [4].

Currently, the largest source of anthropogenic N2O is

agriculture, drivenmainly by the global use of>80million tons

of nitrogen (N) compounds annually as synthetic nitrogen

fertilizers, as well as biological nitrogen fixation by legumi-

nous crops [2,5e7]. Natural ecosystems also receive nitrogen

compounds as NOx from fossil fuel and biomass burning, and

ammonia (NH3) from livestock manure. The IPCC estimates

that the total N2O emitted by natural and anthropogenic is

around 17.7 Tg N year�1, with 11 and 6.7 Tg N year�1 from

natural, and anthropogenic sources, respectively [1]. The IPCC

assigns 2 Tg N year�1 to industrial, energy generation and

biomass burning processes. Still, the level of uncertainty is

large enough and those 2 Tg N year�1 are presented within a

lower and higher limit (0.7e3.7 Tg N year�1).

To date, identification of anthropogenic sources has

concentratedon (1) industrial processes thatmayemit globally

significant quantities of N2O, and (2) biological processes that

may produce N2O on a widespread basis. Relative to the

consideration of N2O emissions from combustion of fuels,

most of the research in the combustion literature focuses on

N2O emissions from solid and liquid fuels, since these fuels

contain nitrogen bonded within their molecular structures

(fuel-nitrogen), which can be oxidized into N2O under rela-

tively low temperature conditions [8e10]. Significant N2O

emissions (>25 ppmdv) have been observed from coal and oil

burning power plants, but not from industrial gas flames,

even when doped with an equivalent amount of fuel

nitrogen [11]. As a result, the literature survey focuses on N2O

emissions from coal fired combustion [8e18]. In particular,

fluidized bed coal combustion has been identified as a specific

technology that can emit significant amounts of N2O

(25 <N2O < 85 ppmdv). For comparison, direct emission of N2O

fromconventional utility boilers operating onnatural gas (NG),

residual oil, and pulverized coal have been generally found to

be < 6 ppmdv [10]. In relation to the emission of pollutant

species from combustion of gaseous fuels, the scientific com-

munity has focused its attention mainly on controlling and

minimizing the emission of NOx and products of incomplete

combustion (PICs) such as carbon monoxide (CO), unburned

hydrocarbons (UHC) and volatile organic compounds (VOC)

[19e24]. Similarly the effect of mixing natural gas with

hydrogen on the emission of NOx and CO has been widely

studied [25e29]. The relation of these pollutants with the

production of photochemical oxidant (i.e., “smog”) is oneof the

reasons for the widespread interest in NOx and VOC. These

species directly impact on human health due to their role in
Please cite this article in press as: Colorado A, et al., Direct emissions
Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhyden
formation of tropospheric ozone and fine particulate matter

(i.e., PM2.5) [30]. Yet increasing interest in ambient greenhouse

gas concentrations motivates examination of other key spe-

cies such as N2O which is the focus of the current work.

In terms of the underlying chemistry associated with N2O

emissions, Kramlich and Linak concluded that, in combus-

tion, the homogeneous reactions leading to N2O are princi-

pally NCO þ NO / N2O þ CO and NH þ NO / N2O þ H, with

the NCO reaction being the most important in practical com-

bustion systems. Furthermore, they concluded that any sys-

tem in which nitrogen containing species are oxidized under

relatively low temperatures can emit N2O. But the possibility

of forming N2O directly from the interaction of N2 and O2

during combustion is neglected.

In light of (1) current combustion systems operating at low

temperatures to control formation of NOx, (2) possible

increased use of hydrogen allowing even leaner mixtures and

stable operation at even lower temperatures, and (3)

increasing need/desire to operate combustion systems in a

transient manner to follow load and to offset the intermit-

tency of renewable power, a new examination of N2O from

gaseous fuel systems is warranted. As a result, the objectives

of the current work are:

1) Assess direct emissions of N2O during ignition and blowoff

of gaseous fuels.

2) Establish the combustion conditions that favor direct

emission of N2O from gaseous fuels including NG, biogas

and those containing hydrogen.
Experiments and methods

Experimental setup

For this study, a confined premixed flame stabilizedwith a low

swirl burner (LSB) was used. A low swirl injector (LSI) was

installed inside an optically accessible research boiler and

operated on a wide range of gaseous fuel compositions at a

fixed fire rate of 117 kW. The LSI is placed in the central axis of

the chamber and up-stream of sudden expansion nozzle. The

LSI has an overall diameter of 5.1 cm and an inner cylinder

diameter of 2.9 cm. Eight (8) swirl-vanes surround the inner

cylinder of the LSI at an angle of 37�. The central plane of the

LSI has an open area of 2.6 cm2, which resulted in a mass flow

split ratio between the inner un-swirled and outer swirled

region of ~0.3. Given the above parameters and a ratio of radii,

R ¼ 0.49, the swirl number (S) for the LSI array is ~0.46. The

boiler is mounted on an aluminum table, which is attached to

a traverse table allowing movement in all three Cartesian

coordinates. The boiler enclosure is shaped as an octagonwith

sides 30.5 cm wide and 91.5 cm tall made entirely of stainless

steel. Eight high temperature VYCOR windows provide optical

access to the interior of the combustion chamber. The

chamber counts with water-cooled panels used to maintain

the walls at a controlled temperature. The cooling water is

kept below 311 K with a constant flow rate of 0.56 kg/s. The

exhaust stack starts with the same octagonal shape as the

walls, but tapers into an octagonal cone with a height of
of nitrous oxide from combustion of gaseous fuels, International
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30.5 cm. The final portion of the stack is a cylinder 20.3 cm

diameter and 61 cm height.

Fig. 1 presents a schematic of the LSB fluid dynamics (left)

and a photograph of the combustion chamber with annota-

tions showing its main components along with the experi-

mental conditions and measured species (right). The burner

consists of swirl vanes in the outer annulus with a perforated

plate in front of the inner annulus. Reactants flowing through

the injector create a flow field with an outer swirling region

with a non-swirling inner region. This creates a divergent flow

that generates a decaying velocity profile linearly along the

centerline [31]. This characteristic makes the LSB a fuel flex-

ible technology, since it provides a region of locally low reac-

tant velocity that matches the flame speed of multiple fuel

compositions without any modification being required. The

LSB is a representative low NOx emissions technology that

uses lean premixed combustion to reduce NOx [32].
Exhaust gas measurements

One contribution to the relatively few studies of N2O is the

lack of convenient/accurate instruments to quantify it.

Recently, Quantum Cascade Lasers (QCL) technology has been

developed leading to the ability to reliably and stably generate

themid-IRwavelengths at whichN2O can be conveniently and

accurately measured using IR Spectroscopy. A Horiba MEXA

1400-QL-NX gas analyzer that utilizes QCL technology was

used in the present work to simultaneously measure the

concentration of four N-compounds (NO, NO2, N2O and NH3).

It is important to highlight that the MEXA 1400-QL-NX

analyzer does not use a drying unit to remove the water from

the combustion products before the analysis, hence the

analyzer reports the concentration of species on awet basis as

part per million (ppm). The MEXA 1400-QL-NX analyzer fea-

tures a low and a high range for each component as follows:

� N2O: (Low) 0e5 ppm/50 ppm, (High) 0e200 ppm/2000 ppm

� NO: (Low) 0e10 ppm/100 ppm, (High) 0e500 ppm/5000 ppm

� NO2 and NH3: (Low) 0e5 ppm/50 ppm, (High) 0e200 ppm/

2000 ppm

The zero and span noise are defined as the standard devia-

tion for concentration reading multiplied by 2. The zero noise
Fig. 1 e LSB schematic flow field (lef

Please cite this article in press as: Colorado A, et al., Direct emissions
Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhyden
forN2OandNO is< 0.4 ppm,and<0.2 ppmforNH3andNO2. The

uncertainty for themeasurements NO, NO2, N2O and NH3 is 2%

of full scaleor less.During theexperiments theanalyzerwasset

up for readingswithin the lowrange.Therefore, theuncertainty

for the N2O and NO2 measurement is ±0:1ppm; the uncertainty

for the NO measurement is ±0:2ppm (0e10 ppm) and ±2ppm
(0e100 ppm). Noteworthy is the 10 Hz sampling frequency,

which allows some estimation of transient behavior.

An additional analyzer (PG 250 by Horiba) was used to

measure NOx, CO, CO2, and O2. The PG-250 utilizes EPA

approved measurement methods (1) NDIR (pneumatic) for CO

and SO2, (2) NDIR (pyrosensor) for CO2; (3) chemiluminescence

for NOx, and (4) a galvanic cell for O2. The sampling rate for the

PG 250 is 1 Hz. The sample probe used to extract exhaust

samples is water cooled and located in the exhaust stack. The

gases are sent through a condenser unit, drying the sample

before entering either analyzer. Before each experiment, the

two gas analyzers were calibrated with certified span and zero

gases to ensure the most accurate readings.

Additionally, a number of type K thermocouples were

placed flush to the inner walls of the boiler to monitor the

temperature of different locations.
Experiments

Experiments were carried at atmospheric pressure and

without air or fuel preheating (1 bar, ~300 K). Three fuel clas-

ses were evaluated: NG, biogas (NG mixed with CO2 up to 40%

by vol.) and NG with up to 70% H2 by volume. The heat rate

into the boilerwas fixed at 117 kW. In order to control the air to

fuel ratio, only the air flow rate was varied. The LBO limit was

achieved by increasing the air flow rate while holding the heat

input fixed (117 kW). The variation of the equivalence ratio (f)

was simultaneously recorded with the emissions data. f is

defined as:

f ¼ fuel to oxidizer ratio
ðfuel to oxidizer ratioÞstoich

¼ mfuel

�
mox�

mfuel

�
mox

�
stoich

(1)

NOx and N2O were characterized under the following

operating scenarios:

� Steady state: the combustion chamber reaches a stable

temperature and the heat rate and f are all held constant.
t) and boiler test facility (right).

of nitrous oxide from combustion of gaseous fuels, International
e.2016.09.202

http://dx.doi.org/10.1016/j.ijhydene.2016.09.202
http://dx.doi.org/10.1016/j.ijhydene.2016.09.202


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e94
� Ignition: a spark plug or a pilot hydrogen diffusion flame is

used to ignite the reaction. The spark plug or hydrogen

pilot is placed perpendicular to the premixed flow direc-

tion. The plug or pilot flame is turned off and moved away

from the reactions after ignition is completed.

� Blowoff: refers to situations where the flame becomes de-

tached from the location where it is anchored and is

physically ‘‘blown off’’. Blowoff involves the interactions

between the reaction and propagation rates of highly

strained flames in a high speed, often high shear flow [33].

� Transient ramp for a NG mixed with H2 (70%H2-30%NG): at

constant firing rate, f was varied from 0.4 to 0.73. This

experiment was carried out to observe the effect of the

excess of air on the emissions of N2O.
Correlation analysis

The correlation coefficient among the three nitrogen species

(NO, NO2 and N2O) was used to establish any relationship

between each species, where:

� 1 indicates a strong positive relationship.

� �1 indicates a strong inverse relationship.

� 0 indicates no relationship at all.

� A correlation greater than 0.8 is described as strong,

whereas correlations less than 0.5 are described as weak.
Numerical methods

A reactor simulator featuring a perfectly stirred reactor (PSR)

in series with a plug flow reactor (PFR), this network of re-

actors is known as a Bragg cell [34]. CHEMKIN Pro version

15131was used to solve the gas energy equation. Two reaction

mechanisms, GRI 3.0 [35] and the UCSDmechanism [36], were

used to calculate trends for N2O and CO; the experimental

emissions of N2O at LBO are presented for direct comparison.
Fig. 2 e On-line exhaust measurements of NOx and N2O during

biogas 40%CO2 c) f ¼ 0.9, d) f ¼ 0.95.

Please cite this article in press as: Colorado A, et al., Direct emissions
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The fuel used in the model was 100% CH4. f was varied be-

tween 0.5 and 1 with an increment of 0.01. The mass flow rate

of premixed gas is a known input variable dependent on f and

fire rate. The boundary and initial conditions that define the

reactors in the network are as follows:

� PSR: residence time ¼ 1.2 s; pressure ¼ 101.3 kPa; heat

loss ¼ 56 kW; temperature (initial guess) ¼ 2000 K.

� PFR: ending position ¼ 5 cm; diameter ¼ 9 cm; heat

loss ¼ 10 kW; temperature (initial guess) ¼ 2000 K.
Results and analysis

Steady state experiments with natural gas and biogas

Once the stability was reached, 600 samples of combustion

products were continuously measured during 60 s. Fig. 2

compiles the results for NO, NO2 and N2O for the combus-

tion of NG at f ¼ 0.8 and 0.95, Fig. 2a and b respectively.

Additionally, Fig. 2c and d show the results for biogas atf¼ 0.9

and f ¼ 0.95, respectively. For ease of comparison, the axes

are scaled to the same range of concentrations for each fuel.

NO can be read on the left axis and N2O and NO2 on the right

axis. NO and NO2 emissions are favored when the premixed

gas is close to the stoichiometric point (f ¼ 1), those condi-

tions entail high reaction temperatures, and higher concen-

trations of OH radicals and O-atoms, when compared to

leaner conditions. For NG, the concentration of NO2 goes from

0.4 to ~ 1 ppm, at f ¼ 0.8 and f ¼ 0.95, respectively. At f ¼ 0.95

the emissions of NO2 are 2.5 times the emissions at f ¼ 0.8.

The emissions of NO go from ~9 to 33 ppm at f ¼ 0.8 and 0.95,

respectively. The emission of NO at 0.95 are around 3.7 times

the emissions of NO at f ¼ 0.8.

Under stable conditions, the measured concentration of

N2O remained under 0.1 ppm regardless of the fuel composi-

tion (NG or biogas). These results indicate that, during steady

state, the combustion of NG and biogas emits only trace values
steady state operation with NG. a) f ¼ 0.8, b) f ¼ 0.95; and
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Fig. 3 e On-line exhaust measurements of NOx and N2O

emissions for biogas flames at f ¼ 0.9. a) Steady state at

f ¼ 0.90, b) zoom to blowoff event, c) Scaled percentage of

[N_species]/[NOx þ N2O].
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of N2O < 0.1 ppm. For NG, the correlation for NOeNO2, NOe

N2O and NO2eN2O were 0.73, 0.3 and 0.4, respectively, which

indicates only weak positive correlations for the three species.

These results are consistent with the conclusion by Kramlich

et al. that, in most nitrogen free gas fuel combustion systems,

the flame temperature is sufficiently high that any N2O

formed in the flame zone is destroyed before the gases are

emitted [9]. However, it is important to emphasize that this

conclusion is based on steady state conditions with suffi-

ciently high gas temperatures. It is noted that they concluded

that N2O is a result of the oxidation of fuelenitrogen at rela-

tively low temperatures which could lead to N2O emissions.

Such conditions can be generated a very lean conditions.

To date, the formation/destruction of N2O as a by-product

has been strongly linked to the gas-phase NO kinetics and

more specifically to the transformation of cyanide species into

NO and N2 in the so-called fuel-NOmechanism. The presence

of amines or other organic N-compounds in fossil fuels e fuel

bound nitrogen e is of paramount importance for the forma-

tion of N2O. Kramlich et al. reported a significant increase in

the N2O concentration by adding nitrogen containing com-

pounds such as ammonia (NH3), hydrogen cyanide (HCN) and

acetonitrile (CH3CN) to a gas flames in the temperature range

1050e1400 K [11]. Hayhurst and Lawrence provide further

evidence that N2O formation occurs by homogenous gas-

phase reaction through the so called NHi and HCN pathways

[37]. The homogeneous reactions leading to N2O are princi-

pally: 1) NCO þ NO / N2O þ CO, and to a lesser extent by the

reaction: 2) NH þ NO / N2O þ H, with the first reaction being

the most important in practical combustion systems. The

formation of N2O is, however, counterbalanced by its very fast

destruction by hydrogen radicals, according to the reaction: 3)

N2O þ H / N2 þ OH.

This conclusion will be revisited for other operational

modes and for NG/hydrogen flames in the next sections.

N2O emissions during unstable blowoff

During steady state experiments, while testing biogas at an

equivalence ratio (f � 0.9) the biogas reactions become un-

stable, and a blowoff event occurred around sample 440.

Fig. 2c shows the NOx andN2O trends during the blowoff event

and the emission levels previous to that event. At blowoff, the

NO emissions rapidly dropped to zero as the reactions were

extinguished and the temperature drops. In low-NOx

combustor design, the minimum NOx levels are often bound

by the onset of combustion instability near LBO. As the flame

temperature is decreased to reduce NOx, the chemical re-

actions slow to the point where temperature becomes the rate

limiting factor and the onset of LBO is triggered. However for

the period of the blowoff event, the emissions of NO2 rapidly

increased from ~2 to 8 ppm and N2O went from zero to 2 ppm.

Since NG and biogas have no fuel nitrogen, it not be expected

that these fuels emitted any N2O.

Further examination of the blowoff emissions are shown in

Fig. 3. Fig. 3a shows the history of NOx andN2O as a function of

time (QCL gas analyzer). Fig. 3b zooms into the observed

measurements the nitrogen species during the blowoff event,

and Fig. 3c shows the scaled values of NO, NO2 and N2O to the

total concentration of NOx þ N2O. When NO reaches zero, the
Please cite this article in press as: Colorado A, et al., Direct emissions
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fraction of N2O hits a maximum point (2 ppm). The scaled

results (Fig. 3c) show that, during stable operation, NO is

around 95% of the total NOx with NO2 accounting for the

remaining 5%, while N2O remains zero or close to zero. At

blowoff, NO drops to 0%, NO2 reaches a maximum concen-

tration of 80% with N2O making up remaining 20%. The rapid

production of NO2 follows a fast destruction of the same

species. Then a peak of N2O follows NO2 peak, indicating an

exchange between these two species, as the reactions prog-

ress NO2 is destroyed and N2O is formed.

During the blowoff event (440 < sample < 472), the corre-

lation coefficient for NO and NO2 is �0.85, which indicates the

two species are strongly inversely correlated, i.e., the

destruction of NO results in NO2. The coefficient for NO and

N2O was �0.09 showing no correlation; alternatively NO2 and

N2O were positively but weakly correlated (0.67). Further, the

correlation analysis of the N2O destruction starting with the

sample 463 shows a strong inverse correlation (�0.98) be-

tween N2O and NO2, which indicates that N2O is being des-

tructed while NO2 is formed.
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Fig. 5 e On-line exhaust measurements of NOx, N2O and f

for hydrogen enriched natural gas (70% H2).
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Emissions of N2O during ignition and lean blowoff

This section presents the N2O emissions resulting of transient

events like the ignition and forced lean blowoff. It was

observed experimentally that for NG, biogas andNG/hydrogen

mixtures that a peak of N2O follows the ignition and blowoff

events. In general the LBO of premixed flames is characterized

by a peak of carbon monoxide (CO) rather than a N2O peak.

Fig. 4 shows a typical result found for N2O emissions during

ignition and LBO with gaseous fuels. For ignition, either a

diffusion hydrogen pilot flame or a spark plug was used. A

significant peak of N2O (12 ppm) was observed during the

ignition event. Before ignition, the hydrogen pilot emits

around 1 ppm of NO while NO2 and N2O remain negligible.

Once the reactions are ignited and self-sustained, N2O quickly

disappears, while NO2 and NO become the dominating spe-

cies. It is noted that N2O and NO don't coincide during any of

these events. It is evident that at steady state, N2O is a very

reactive intermediate that is quickly destroyed before being

emitted from a flame.

In sharp contrast, ignition and blowoff events are transient

processes undergoing simultaneously chain-initiation/chain-

propagating/chain-terminating reactions. In general it is

complicated to develop physics-based correlations of blowout

behavior by lack of understanding of the detailed phenome-

nology of the blowout process, such as the dynamics of near

blowoff flames or the flame characteristics at the stabilization

point. For example, disagreement about whether premixed

flames in high turbulent intensity gas turbine environments

have flamelet, “thickened” flamelet, or well stirred reactor

(WSR)elike properties is evident in the literature. The dy-

namic nature has implications on blowoutmodeling aswell as

N2O emission prediction, because the appropriate physical

model clearly events changes depending whether the reaction

zone exhibits flame sheet or volumetric characteristics [33].

N2O emissions from hydrogen enriched natural gas flames

In this section, N2O emissions from combustion of NGwith up

to 70% H2 added by volume are examined. The time history of

the results are shown in Fig. 5, which presents simultaneous

variation of NOx, N2O and f. The experiment was carried out

by “stair stepping” f from 0.45 to 0.72 and waiting for
Fig. 4 e Typical exhaust emissions of NOx and N2O at

ignition and LBO.

Please cite this article in press as: Colorado A, et al., Direct emissions
Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhyden
stabilization of emissions at each step. Within that range, the

adiabatic flame temperature varies between 1440 and 1940 K,

at f ¼ 0.45 and f ¼ 0.72, respectively.

The results indicate that the addition of hydrogen to NG

stimulates direct emissions of N2O. In particular the emis-

sions of N2O are inversely proportional to f. The observed N2O

emissions from these premixed hydrogen enriched NG flames

cannot be explained with the previous generalized assump-

tion that low N2O emissions result from the fast destruction

reaction: N2O þ H / N2þOH, rather than the slow formation

reaction: NH þ NO / N2O þ H. Generally N2O is a reactive

intermediate in the flame that is consumed before reaching

the atmosphere [37]. However, it seems that, under lean

conditions, the hydrogen enriched NG flames promote the

formation of N2O. In hydrogen flames the route of formation

of N2O is through the NHi pathway NH þ NO / N2O þ H. In

reactions lacking carbon species, the HCN pathway is not

active. The results indicate that higher concentrations of H2,

OH radicals and H atoms enhance the formation of N2O

through the NHi pathway. The results also show that the

emissions of N2O are more significant than those of NO2. The

addition of hydrogen hinders the production of NO2 main-

taining it at very low levels (NO2 < 0.1 ppm). In contrast NO

and N2O follow an inverse trend, with NO increasing with f,

and N2O decreasing with increased f. N2O is rapidly

consumed at high temperatures or when f~1. The ultra-lean

conditions seem to be responsible for the direct emissions of

N2O from the hydrogen enriched flames. The analysis of cor-

relation between N2O and f is �0.94, indicating a strong in-

verse correlation. At lower f the N2O levels rise, therefore lean

conditions favor direct emissions of N2O when NG is enriched

with hydrogen up to 70% by vol. Furthermore the correlation

betweenNO andN2O is�0.91 demonstrating an inverse strong

correlation; N2O is high when NO is low and vice versa.
Chemical kinetics analysis

To help explain the observed results, multiple reaction

mechanisms including the nitrogen chemistry were reviewed.

Table 1 compiles every available N2O pathway from five
of nitrous oxide from combustion of gaseous fuels, International
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Table 1 e Reaction pathways for the formation of N2O according to six different reaction mechanisms.

Reaction# Glarborg et al. (1998) Miller-Bowman
(1989)

GRI 3.0
(1999)

UCSD (2014) Allen et al.
(1995)

Baulch et al. (1994)

1 N2O þ M 4 N2þO þ M x x x x e

2 N2O þ H 4 N2þOH x x x x e

3 N2O þ O 4 2NO x x x x e

4 N2O þ OH 4 N2þHO2 x x x x e

5 NH þ NO 4 N2O þ H x x x x x

6 NCO þ NO 4 N2O þ CO x x e e x

7 CN þ N2O 4 NCO þ N2 x e e e e

8 NCO þ NO2 4 CO2 þ N2O e x e e e

9 N2O þ O 4 N2 þ O2 x x e x e

10 N2O þ OH 4 HNO þ NO x e x e

11 NNH þ O 4 N2O þ H x e e e

12 HNO þ HNO 4 N2O þ H2O x e x e

13 N2H2þNO 4 N2O þ NH2 x e e e

14 CO þ N2O 4 N2 þ CO2 e e e

15 CH þ N2O 4 HCN þ NO e e e

16 N2O þ NO 4 NO2 þ N2 e x e

17 CN þ N2O 4 NCN þ NO N2H þ O 4 N2O þ H e

18 NCO þ NO2 4 CO2 þ N2O N2O 4 N2 þ O e

19 NH2 þ NO2 4 N2O þ H2O NH2 þ NO 4 N2O þ H2

20 N2O þ OH 4 HNO þ NO

21 CN þ NO2 4 CO þ N2O

22 NH þ NO2 4 N2O þ OH

23 C þ N2O 4 CN þ NO

i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e9 7
reaction mechanisms widely used for gaseous combustion

applications (GRI 3.0 [35]; UCSD [36]; Glarborg et al., [38];

MillerBowman [39] and Allen et al., [40]). Five N2O reaction

pathways were found to be common to the five mechanisms:

ð1Þ N2OðþMÞ4N2 þ OðþMÞ; ð2Þ N2Oþ H4NOþNH; ð3Þ N2O

þO42NO; ð4Þ N2Oþ OH4N2 þHO2 and ð5ÞNHþNO/N2OþH.

Out of the five mechanisms, the USCD mechanism has

been recently updated and includes seven pathways for the

formation of N2O [36]. In contrast the most complex mecha-

nism by Glarborg et al., devises twenty-three possible path-

ways for the formation of N2O. Given the simplicity of the GRI

3.0 and UCSD mechanisms, these two were tested in a Bragg

Cell [34] with NG at variable excess of air (f). Fig. 6 shows the

modeled trends of CO and N2O at variable f (left) and includes

experimental data of the of N2O peaks in ppm measured

during LBOwith NG. The CO peak is typically observed close to

the LBO limit and both reaction mechanisms can accurately
Fig. 6 e Modeled trends of N2O and CO at variable f with GRI 3.0

production of N2O near LBO limit (right).

Please cite this article in press as: Colorado A, et al., Direct emissions
Journal of Hydrogen Energy (2016), http://dx.doi.org/10.1016/j.ijhyden
predict an analogous trend. Since the experiments indicated a

release of N2O when the reactions were close to the LBO limit,

it was expected that the reaction mechanisms activated the

N2O pathways close to the leanest points. Fig. 6 compiles the

numerical results for CO and N2O at variable equivalence ratio

with GRI 3.0 and UCSD. The N2O and CO emissions modeled

with the UCSDmechanism follows the experimental trends of

N2O and CO release at LBO. The UCSD mechanism predicts a

maximum of ~3 ppm near LBO. This maximum is corre-

sponding to the leanest point, when f ¼ 0.75.

Conversely, the N2O trend obtainedwith GRI fails to predict

the experimental trend. The trend predicted with GRI shows

an inverse parabola, with N2O increasing with excess air and

reaches a maximum of 0.7 ppm around f ¼ 0.81. Further

excess air reduces the amount of N2O emitted. This result

shows that, at low temperatures, GRI 3.0 is unable to predict

the right N2O trend. Further analysis of the production rates
and UCSD mechanisms for 100% CH4 (left); Absolute rate of
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were carried out at f ¼ 0.75, where the maximum N2O peak

was observed with UCSD. The absolute rates of production of

N2O are shown in Fig. 6 (right). While UCSD shows that the

main route of formation of N2O is through the reactions:N2Oþ
OH4N2 þHO2 and secondarily through N2Oþ H4N2 þ OH.

The absolute rate of production of N2O predicted with GRI

indicates that N2O is being formed through these same re-

actions plus three additional reactions N2Oþ O4N2 þ O2,

N2OðþMÞ4N2 þ OðþMÞ and N2Oþ O42NO. These results

seem to indicate that the reactions of molecular N2 with

hydroperoxyl (HO2) are fundamental for the conversion of N2

into N2O at low temperatures. Furthermore, both UCSD and

GRI show that N2O is also formed through the combination of

N2 with OH radical and in a lesser importance through the

reaction with a third body [M], N2OðþMÞ4N2 þ OðþMÞ. Inter-
estingly none of these routes is described in neither the NCO

or NHi routes, which according to the literature are the main

routes to produce N2O in homogeneous combustion of fossil

fuels: NCOþNO/N2Oþ CO and NHþNO/N2OþH. The re-

sults of these reactions mechanism indicate the reactions of

CH4 at LBO release N2O through the reactions:N2Oþ OH4N2 þ
HO2 and to a lesser extent through N2Oþ H4N2 þ OH,

although further experimental analysis must be carried out to

confirm the kinetics of N2O at low temperatures.
Conclusions

The experimental results presented in this paper indicate

that, under steady state conditions, the combustion of NG and

biogas does not emit N2O, which is consistent with previous

studies. However, during ignition, unstable blowoff and LBO

events, the emissions of N2O and NO2 are significant whereas

the emission of NO is zero.

The addition of hydrogen to the fuel enhances the emis-

sions of N2O. While the behavior of NO follows f in a typical

fashion (NO increases when f increases (for f < 1), N2O is

inversely proportional to f and is promoted at leaner condi-

tions (at lower f). At lean conditions the emissions of N2O are

more significant than the emission of NO2, which remains at

<0.1 ppm. These trends are not observed with any other

gaseous fuels such as NG or biogas.

The UCSD reactionmechanism is able to accurately predict

the N2O and CO trends at LBO. On the other hand, GRI 3.0 fails

to predict an accurate trend for N2O and only reasonable levels

of CO are observed at LBO. Further analysis of the reactions

indicates that the combustion reactions of CH4 at LBO release

N2O mainly through the reactions: N2Oþ OH4N2 þHO2 and

N2Oþ H4N2 þ OH. None of these reactions is included in the

previously known NHi or NCO pathways for the formation of

N2O in homogeneous combustion.

The experimental results suggest that, for ultra-lean

combustion systems that are being adopted for low NOx

emissions performance, certain operations may give rise to

non-trivial emissions of N2O. This is particularly true for

systems that must follow load and see large numbers of

starts/stops. Such systems may become more important as

the need arises to stabilize a grid supplied with increasing

amounts of intermittent renewable power.
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