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Abstract: Oxy-combustion is one of the most prominent solutions for reducing CO>
emissions from coal-fired power plants using carbon-capture-and-utilization technology.
However, when compared to air combustion at atmospheric pressure, oxy-combustion is very
expensive, owing to the significant efficiency penalties associated with air separation, flue
gas recirculation (FGR), treatment, compression, and storage or transit of CO,. In
comparison, pressurized oxy-combustion (POC) is more efficient as it recovers a significant
amount of heat energy from the flue gas moistures. Nevertheless, CO> derived from

pressurized oxy coal combustion has impurities, e.g., acid gases (NOx and SOx) that can
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corrode the plant equipment, transport lines as well as deteriorating effect on the
environment. Fortunately, in pressurized combustion systems, both NOx and SOx can be
scrubbed by a single-column direct contact cooler (DCC), but this requires a minimum ratio
of NOx to SOx at the inlet to be efficiently removed. Therefore, NOx is one of the important
hindering parameters in commercializing the pressurized oxy-combustion. Although NOx
evolution during oxy-coal combustion has been explored extensively at 1 atm, higher
pressure studies are rare. Much still needs to be done to better understand the NOx
mechanism and the effects of different parameters on NOx emissions under these conditions.
This paper reviews the published literature on nitrogen evolution, NOx formation and
reduction in pressurized oxy-coal combustion. At higher pressures, the NOx from fuel-bound
nitrogen is generated through volatiles, tar and char, all of which are discussed. Where
literature is not available, the effect of pressure on NOx evolution in different stages of coal
combustion is predicted through CHEMKIN simulation. Homogeneous and heterogeneous
pathways of NOx formation and their destruction in pressurized oxy-coal combustion are
evaluated. Additionally, the effect of pressure on a few mature and commercialized NOx
abatement methods is explored. In the last, the future perspective and recommendation are
given. This review will aid in the provision of basic knowledge about NOx evolution and
control in pressurized fuel combustion, as well as the identification of new research areas to

pursue.

Keywords: pressurized oxy-combustion, pressurized char-N, pressurized volatile-N,

pressurized SNCR, pressurized reburning, direct contact column.

Highlights
* Volatile-N decreases with increasing pressure and increases with heating rate.
* Elevated pressure strengthens the gasification of CO» to CO.
* The de-NOx efficiency of SNCR and reburning enhanced at higher pressure.
* Conversion of NO to NO: is improved at elevated pressure.

* High pressure upgrades the heterogeneous NOx reduction with char.
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Abbreviations

POC: pressurized oxy-combustion NOx: oxide of nitrogen

SOx: oxide of sulphur DCC: direct contact cooler

FGR: flue gas recirculation COx: carbon dioxide

GHG: greenhouse gases CCS: carbon capture and storage

ASU: air separation unit EP: electrostatic precipitator

FGD: flue gas desulfurization COE: cost of electricity

ITEA: instituto trentino edilizia abitativa ENEL: ente nazionale per l'energia elettrica

CANMET: canada center for mineral and HRSG: heat recovery steam generator

energy technology

BFW: boiler feedwater HP: high pressure

IP: intermediate pressure LP: low pressure

H: heater CCS: carbon capture and storage

SPOC: staged pressurized oxy-combustion =~ WUSTL: Washington University in St. Louis

GPU: gas processing unit CT: cooling tower

CwW: cooling water Econ: economizer

SC: steam cycle PFBC: pressurized fluidized bed
combustion

JSR: jet stirrer reactor ROP: rate of production

SNCR: selective non-catalytic reduction

1. Introduction

Coal is one of the most ubiquitous energy resources around the world and is expected
to be the main source for power generation in the foreseeable future [1-3]. In 2019, coal
provided 27.2% of global primary energy needs and the largest share of the world’s power
generation at 38% [4]. Coal role is expected to remain stable for the next 20 years due to its
low cost and easy availability [S5]. However, as coal has become more widely used,
environmental concerns about mining and combustion have grown in prominence [6]. Coal
use is associated with a number of issues, including the emission of acid gases (NOx and
SOx), volatile organic combustion matter (VOC), particulate matter, pollutant contamination
in ground water, and so on. Furthermore, coal is highly intensive in carbon content; therefore
coal combustion is regarded as a major source of greenhouse gas emissions [7]. CO;
emissions from coal consumption alone reached 15 Gt in 2014, accounting for nearly half of
total emissions [5]. As a result, coal use has been a focus of both energy and environmental

reforms, gaining considerable attention.

Carbon capture and sequestration (CCS) is one of the most important methods for
reducing greenhouse gas emissions [4]. Different methods of carbon capture were used in

CCS technologies, including pre-combustion capture, post-combustion capture, and oxy-fuel
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combustion [8, 9]. Over the last two decades, oxy-fuel combustion, particularly oxy-fuel
combustion at atmospheric pressure, has gotten a lot of attention [10-15]. In oxy-combustion
process, the combustion takes place in the presence of pure oxygen and recycled flue gas,
which is mostly made up of CO2 with traces of water vapors and other contaminants. The
RFG replaces the portion of N> that is normally present in the air environment and controls
the temperature of the furnace chamber. The remaining flue gas is then treated to remove
water vapors and pollutants before being stored or used for another purpose [16]. A

simplified flow sheet of oxy-combustion is shown in Fig. 1 [8].
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Fig.1. Basic flowchart of oxy-combustion (ASU: air separation unit, EP: electrostatic
precipitator, FGD: flue gas desulfurization, CCU: carbon-dioxide compression unit) [8].

The high capital costs and low efficiencies of atmospheric oxy-combustion plants
have limited efforts towards commercialization [17-19]. Recently, pressurized oxy-
combustion (POC) has emerged as an attractive alternative due to its higher efficiency and
smaller size. Several studies have assessed the technical and economic viability of this
process [19-25], and research institutions have conducted experiments [26] and simulations
of POC [27-29], and all concluded that the net efficiency of the POC process is significantly
higher than the atmospheric oxy-combustion process. Not only does POC drastically reduce
energy loss, but it also has a slew of other advantages, such as reducing boiler size, avoiding
air leakage, and improving heat transfer [30, 31]. POC recovers more heat energy from the
condensation of flue gas moisture because the dew point of water vapors is higher at elevated
pressure than at atmospheric pressure. As a result, the POC system has a higher efficiency
than the atmospheric oxy-combustion system. Furthermore, because the char combustion rate
improves with increasing pressure, this technology (POC) can burn low-grade coal with high
ash and/or water content, and much of the energy used to evaporate the moisture can be
recovered [32]. The use of low-cost, low-quality coal results in significant cost-of-energy
(COE) savings. In terms of COE, a 1% reduction in coal costs corresponds to a 0.5 percent
increase in net efficiency [33]. ISOTHERM® is a patented pressurized coal combustion

process developed by ITEA to burn inexpensive coal. ISOTHERM® boiler technology is a
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flameless boiler technology in which the combustion and heat transfer processes take place in
separate boilers with the same pressure [34]. Such a practice helps prevent ash slagging or
fouling problems resulting from the condensation of alkali compounds along the pipes and
components downstream of the combustor. To illustrates these benefits, in 2006, ENEL
started various experiments on the ITEA ISOTHERM® process [34] and has since carried out

a number of tests at that 5 MW setup, operating at 4 bar [21, 22, 32, 33].

CANMET also conducted economical and technical analyses on a POC system based
on the same technology (ISOTHERM®) [20]. Their approach resulted in higher net efficiency
as well as lower capital and electricity costs in the POC system. The overall POC process
using ISOTHERM® technology is summarized in Fig. 2, which consists of five major steps
[35]: (1) cryogenic air separation; (2) pressurized coal combustion; (3) generation of steam;
(4) power island; and (5) CO» treatment and compression unit. Coal is fed into a refractory-
lined pressurized oxy-combustor, where flameless combustion takes place. There is no
radiative heat transfer involved in this concept. The flue gas is routed to a convective heat
recovery steam generator (HRSG). The coal is easily transported as coal water slurry to the
pressurized burner and atomized by a small amount of medium pressure steam provided by
the extracted turbine. The slurry water also helps to regulate the combustion temperature. To
further control the combustor and HRSG inlet temperatures to around 1550 °C and 800 °C, a
significant portion of the flue gas is recycled from the HRSG exit [36]. To prevent the
condensation of acid gases, which would otherwise cause serious corrosion problems, the
HRSG outlet temperature is kept at 330 °C, through the boiler feedwater (BFW) preheating
temperature [25, 37, 38]. Finally, a two-stage compressor is used to compress flue gas at the

CCS inlet.

Recently a novel staged, pressurized oxy-combustion (SPOC) has been introduced at
Washington University in St. Louis (WUSTL) [39]. Fig. 3, depicts a simple SPOC process
flow sheet. By designing the boiler in a series of stages, this method reduces the FGR by up
to 30% and eliminates coal feeding in the form of slurry to regulate the combustion
temperature [26]. Process analysis performed by WUSTL showed that reducing the FGR
from 70% to 30% can lead to ~1.5 percentage point efficiency improvement, and the
efficiency gain beyond 30% is marginal [40]. In this process, the four stages boilers are
arranged in a series-parallel configuration. Coal and oxygen are supplied into these boilers in
a consistent manner [26]. The recycled flue gas is fed into the first stage boiler to dilute

oxygen and regulate the boiler temperature. Then, additional oxygen is mixed with a portion
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of the flue gas from the first boiler to the second stage boiler to keep the combustion
temperature within the limit. The remaining first boiler flue gas is discharged downstream.
The remaining two boilers are then treated in the same manner. Flue gas sent to the second,
third, and fourth stages is nearly equal to that recycled to the first. Thus, all boilers operate in
similar conditions. After further removing heat and ash with a high-temperature heat recovery
unit and a particulate filter, the flue gas is passed through a DCC, which removes SOx and
NOx while recovering the latent heat of the moisture in the flue gas. Due to the significantly
lower FGR, the SPOC process has higher efficiency, reduced combustion-related equipment
sizes, and also lower parasitic pumping loads [27, 28, 37, 39]. Furthermore, staging enhances
plant operational flexibility by allowing one or more stages to be turned off while the others
continue to operate at full capacity, resulting in efficient plant operation at low loads during
the maintenance shutdown [26][26]. Staging and pressurization also enable a modular boiler

design, potentially lowering construction costs and allowing for faster plant assembly [27].
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Fig. 2. Overall process diagram for the POC power cycle using ISOTHERM® technology,
(ASU; air separation unit, HP; high pressure, IP; intermediate pressure, LP; low pressure,
HRSG; heat recovery steam generator, H; heater, CCS; carbon capture and storage, FGR; flue
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Fig. 3. Schematic flow sheet of SPOC process [26, 39].

One of the main challenges for pressurizing oxy-combustion is to control the acid
gases NOx and SOx after combustion, as they can lead to corrosion of plant equipment,
transport lines as well as have worst effects on the environment. In pulverized coal boilers,
the fuel-NOx mechanism produces 70 to 80 percent of NOx from fuel-bound nitrogen species
(Fuel-N), and the remaining NOx is formed from atmospheric nitrogen (N2) via the thermal-
NOx mechanism (5-25%), and the prompt-NOx mechanism (less than 5%) [41]. The
reactions involved in thermal NOx are No+O=NO+N, N+0>,=NO+0O, N+OH=NO+H [42, 43].
The formation of thermal NOx is usually insignificant at temperatures lower than 1800 K.
Prompt NOx is produced as a result of the reaction between the hydrocarbon radicles and
molecular nitrogen according to the reaction CH + N, & NCN + H [42, 44, 45]. The Prompt
NOx mechanism, on the other hand, has a very short lifetime of only a few microseconds, has
little temperature dependence, and is more active in fuel-rich conditions. NOx formed
through the fuel-N mechanism accounts for about 200-800 ppm, while that produced through
the other mechanisms is less than 50 ppm [46]. The oxidation of gaseous phase volatile-N
and heterogeneous phase char-N is the primary source of NOx from fuel-N [47]. A simplified
sketch for NOx formation from fuel-N is given in Fig. 4, modified from [3, 13, 48-54]. The
concentration of nitrogen distributed between char and volatiles is primarily depends
upon the fuel type, temperature, and pressure. In devolatilization, the coal-N is first released
as a heavy structured and aromatic compound called tar and a small amount of ammonia

(NH3). Then the tar-N subsequently converts into hydrogen cyanide (HCN) and other light
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gases at high temperature via secondary pyrolysis. Depending on the stoichiometry and fuel-
N concentration, HCN and NH3 are either transformed into NO or N». At high temperatures,
residual char-N is heterogeneously converted to NO and N2 or releases HCN as a light
component [55]. According to Loffler et al. [56], HCN is primarily converted into N2O,
whereas NH3 transforms either NO or No. NO may react with hydrocarbon radicals and be

converted into cyanide or reduced into N> by surface reactions on char or soot.

e==) NOx Formation at high pressure
= =) NOx Reduction at high pressure

------------ ";__» [ Pressurized )

S — * \_Reburning |
]
:

.

(_ SNCR _ )

)

Fig. 4. Pathways of NOx formation and its reduction at high pressure from coal-N

There has already been a lot of research done on NOx evolution from oxy-coal
combustion at 1 atm. In contrast, the evolution of NOx under the conditions of POC has
received less attention. Aho et al. [57], analyzed the pressure effect on NOx formation and
found that pressure increases have a major impact on NOx abatement, with NOx formation
sharply declining as pressure rises. Croiset et al. [58], investigated the effect of pressure on
NO formation and destruction during char combustion. They calculated the rate constant of
the reaction NO+C=1/2N»+CO and found it to be pressure dependent. However, Tomeczec
and Gill [59] investigated the rate constant of this reaction by following the same reaction
conditions and realized that it is pressure independent. Lasek et al. [60], studied high pressure
effect on NOx evolution in oxy-combustion of solid fuels and concluded that NOx is reduced
at high pressure, which might be due to the enhancement of the char + NO reaction. Increased
pressure, according to Nichols et al. [47], may improve the kinetic rates of NO reduction
reactions and increase residence time, allowing more time for NOx reduction reactions.
Another reason for NO abatement at high pressure is that the concentration of NO-promoting
radicles may be suppressed at elevated pressure. The second point is based on a well-known
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explanation of nitrogen chemistry in flames [47]. The rate at which NO is reduced is

commonly interpreted by:

d[NO]
dt

= K[NO][NH;] (1

Substituting [NHi] with the mole fraction Xnu;, and multiplied by total concentration gives

d(In[NO]) ( P ) @)

where R, P and T is the ideal gas constant, pressure, and temperature, respectively. According
to Equation 2, by keeping the k and Xnu; constant, the reduction rate of the logarithm of NO
concentration varies linearly to the pressure [47]. Calculations also show that as pressure
rises, the concentrations of the O, OH, and H radicals falls, with HO; becoming the dominant
radical at high pressure. These changes may be due to the three-body reaction H + 0, +
M < HO, + M, which starts competing at 850°C with and ultimately dominate over the
reaction H + 0, & OH + O at elevated pressure. Because the O and OH radicles are
important in the formation of NO, when they are reduced at high pressure, the formation of

NO is reduced [47, 57, 61].

The NO: concentration is normally lower in flue gases produced at atmospheric
pressure. Nonetheless, simulation analysis revealed that the NO concentration could be
prominent at higher pressures. Since, the concentration of HO; radical is more effective at a

higher pressure, and NO reacts with HO2 producing NO: [61, 62].

In summary, few studies have been reported on NOx formation and its reduction at
high pressure, and there is still no clear consensus on the effects of pressure on NOx
evolution during oxy-coal combustion and following its reduction. Thus there exists a major
knowledge gap on NOx evolution and its control under the POC conditions, and ultimately,
this would negatively impact the technical design of NOx control techniques for future large-
scale POC systems [63]. In that context, in this paper, we reviewed the published knowledge
on nitrogen evolution, NOx formation, and reduction during pressurized oxy-coal
combustion. The mechanisms of NOx formation in pressurized air and oxy-combustion have
been discussed. Most importantly, at higher pressure, NOx from fuel-N are produced through
the volatile, tar, and char, all of which are discussed. However, few studies are available on
nitrogen evolution and the prediction of NOx formation and destruction at elevated pressure.

In such cases, the effect of pressure on NOx evolution in different stages of coal combustion
10



is predicted through the CHEMKIN simulation. Homogeneous and heterogeneous pathways
of NOx formation and their reduction in pressurized oxy-coal combustion are discussed.
Additionally, the effect of high pressure on a few of the mature and commercialized methods
used for NOx abatement are evaluated. Based on the review literature, we identify research
gaps in NOx evolution and control in POC that need to be addressed. This study will aid in a
better knowledge of NOx chemistry and abatement approaches in pressurized oxy-coal
combustion, as well as the identification of research directions for various NOx control

methods.

The following is a breakdown of how the paper is structured; section 2 discusses the
NOx emissions from pressurized air and oxy-combustion followed by the nitrogen evolution
during the pressurized coal pyrolysis in N> and CO»-rich atmosphere in section 3. Section 4
describes the volatile-N oxidation in pressurized oxy-combustion, while sections 5 and 6
delineate the oxidation of char-N and reduction of NOx in pressurized oxy-combustion,
respectively. Section 7 is the conclusion, and the last section is about the future perspectives

and recommendations.

2. NOx emissions from pressurized air and oxy-combustion.

In this section, the NOx evolution in pressurized combustion is reviewed. The review
of NOx emission is presented for pressurized air combustion in section 2.1 and pressurized

oxy-combustion in section 2.2.

2.1. NOx emission from Pressurized air-coal combustion.

Pressurized combustion is recognized as a promising clean coal technology [64] for
carbon capture and sequestration and abatement of acid gases NOx and SOx. NOx
concentrations are normally reduced when the operating pressure is increased [65]. The
pressure effect on the evolution of NO and N>O in pressurized fluidized bed combustion
(PFBC) for a Czech coal at temperatures between 845—-855 °C is analyzed by Svoboda and
Pohorely [66] and concluded that NO emission steadily decreases with increasing pressure.
Other studies [67-70] have observed a similar effect of pressure on NO reduction, as shown
in Fig. 5. The decrease of NO with pressure may be caused by the increase of O» partial
pressure and the oxidation of NO to NO> [68]. A second reason is the interaction of char, CO,
and NO at high pressure. High pressure retains the nitrogen-bearing species inside the pores
of char particles for an extended time, allowing the nitrogen to be reduced to N». Lu et al.
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[67], proposed that char combustion occurs earlier at high pressure compared to atmospheric
pressure. Thus, the oxygen present in the air is used by volatile oxidation and char
combustion. As a result, a large fraction of fuel-nitrogen converts to N2 due to less oxygen
availability in the furnace bed. Furthermore, the O diffusion coefficient to the surface of char
is reduced, i.e., in an air environment, the value decreases from 1.66 cm*/sec to 0.46 cm?/sec,
while in an oxygen environment, the value decreases from 2.09 cm?*/sec to 0.52 cm?*/sec with
increasing pressure from 0.1MPa to 0.4 Mpa, implying that the mobility of O; to the char
becomes slower with increased pressure, resulting in low NOx formation from fuel-N [70,

71].

The mechanism for NO reduction has been explained by various researchers [72-76].
The partial pressures of NO and CO; increase with pressure. High CO> partial pressure leads
to gasification reaction in the presence of char into CO through reaction R1 and

decomposition/gassification of CO; into CO via R2;

CO,+ C & 2C0 (R1)
and

2C0, & 2C0+0, (R2)

The NO is homogeneously reduced by this CO via reaction R3 below [77].
Additionally, the residence time for NO in the pores of the char particles increases with
increasing the pressure, resulting in a reduction of NO in the char particles via heterogeneous
reaction R4 [63, 72, 77, 78]. In summary, the lower NO emissions with pressure are due to
conditions favouring the homogeneous and heterogeneous reduction reactions shown in R3

and R4.

1
NO +C0 — =N, +C0; (R3)

1
NO + €~ 5N, +C0 (R4)

However, as shown in Fig. 6, the results of various studies on N>O evolution under
high pressure are contradictory. Unlike NO, no conclusive and satisfying explanation for the
pressure effect on N>O evolution has been published. Svoboda et al. [66] and Gong et al.
[63], illustrated that N>O increases slightly with pressure and argued that the increase of N>O

is a result of NOx reduction. However, Lu et al. [67] and Duan et al. [79], explored the
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pressure effect on N>O and discovered a decreasing tendency, similar to NO. When the
pressure was increased from 0.5 to 0.7 MPa, N>O emissions were slightly reduced, as shown
in Fig. 6. Duan et al. [79], concluded that both NO and N>O are drastically reduced with
pressure in both air and O»/CO; environments. Roy et al. [80], investigated that N>O
formation is higher in an oxy-combustion environment than an air combustion environment.
Hayhurst et al. [81], found that changing the combustion environment has little effect on N.O
emissions. Thus, there is no clear consensus on N>O evolution in pressurized coal
combustion. Therefore, more research is required to determine how N>O is formed and

reduced in pressurized air combustion.
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Fig. 5. Pressure effect on the conversion of fuel-N to NOx in PFBC [63, 66, 70, 79, 82].
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2.2. NOx emission from Pressurized oxy-coal combustion.

POC is an emerging technology that can decrease energy demand compared to
atmospheric oxy-combustion by recovering the latent heat of the flue gas moisture.

Consequently, the net efficiency of the cycle is enhanced, and the size of the equipment is
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decreased. A number of studies in this area have been published [60, 74, 79, 83]. Lasek et al.
[74], explored the formation of NO and N>O under the high pressure in both oxy- and air-
fired combustion and noted that increasing pressure helps suppress the production of NO and
N>0O. However, as shown in Fig. 7, the impact of pressure is greater under air-fired than oxy-
fired conditions. Lin et al. [84], observed that NOx emission decreases significantly with
pressure. They illustrated that the diffusion residence time for NO in char particles is
extended with pressure, which reduces the NO concentration. According to Lin et al.,
pressure does not have a prominent impact on the formation of NO. But through reaction R4,
pressure has a major influence on the NO reduction process due to the impact of the char
surface. It is illustrated in Fig. 7, that, at high pressure, the formation of NOx (NO+N>O) in
air combustion is more significant than oxy-combustion, which may be due to the higher
concentration of CO2 in oxy-combustion. The CO: interacts with char to form CO through
the Boudouard reaction (CO, + C; < 2C0). The resulting increase in CO concentration for
oxy-combustion can facilitate the reverse reaction in R4 and, as a consequence, inhibit the

reduction of NO.

B ot [ 4.4 bar B aon [ 4.4 bar

Air-Fired Oxy-Fired Air-Fired Oxy-Fired

(@) (b)

Fig. 7. Pressure effect on (a) NO and (b) N>O conversion during air- and oxy-combustion
[74].

However, Duan et al. [79], reported a contrary result about NOx emissions at high
pressure from bituminous coal in air and oxy-combustion. NO, and N>O are reduced
considerably in both air and oxy atmospheres at high pressure, and the reduction of NO is
more prominent in the lower pressure, i.e., <0.3 MPa, as shown in Fig. 8. They found that
the NO concentration is reduced more in oxy-combustion than air-fired combustion. The key
explanation for this reduction is the high concentration of CO> in oxy-combustion, which

promotes carbon gasification and facilitates the formation of CO through reactions R1 and
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R2. The high CO concentration enhances the NO reduction by R3, resulting in a decrease in

NO emissions.

Pressurized combustion could simultaneously minimize NOx and CO emissions and
increase combustion efficiency. Here, active radicals like O and OH serve a significant role in
the formation of NOx at high pressure, and their concentrations can influence the NOx
emissions. Aho et al. [57], confirmed this in a pressurized entrained-flow reactor and
concluded that homogeneous NO formation reduces with an increase in pressure. They
explained that as pressure increases, the three-body reaction H + 0,(+M) < HO,(+M)
competes with and ultimately dominates over H + 0, <> OH + O at 850 °C. This would lead
to a drop in O and OH radicals, as well as NO.
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Fig. 8. Pressure effect on (a) NOx emission and (b) N>O emission in air-fired and oxy-
combustion [79].

The NO formation from fuel-N during devolatilization step has been studied at
different pressure by Veras et al. [85] and Aho et al. [57], and their results are shown together
in Fig. 9. Veras et al. [85], found that the NO reduction is more pronounced when the
pressure is elevated from 1 to 5 bar, however, the impact of pressure on NO reduction is
minimal over the 5 bar. Similarly, Aho et al. [57], noticed that the NO concentration steadily

decreased when the concentration of CO was less than 5000 ppm.
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Fig. 9. Pressure effect on the conversion of fuel-N to NO. (a) Aho et al., [57], experimental
conditions: T = 1000 K; p(O2) = 0.6 bar in a pressurized entrained flow reactor (b) Veras et
al., [85], simulation conditions: T = 1350 K; O2 = 10 wt%; particle dia 80 um.

The evolution of N>O under elevated pressure in an oxy environment has not been
thoroughly researched, and the results are not coherent. Some researchers have found larger
N>O generation in pressurized combustion systems [62, 86], while others [57, 84] reported
that there is no impact of pressure on the production of N2O. Some have even observed the
lower formation of N>O at elevated pressures. This issue requires further study, especially for

the case of oxy-combustion.

Overall, we come to the conclusion that pressure: 1) enhances the conversion of fuel-N to
HCN and NHj3; 2) extends the NOx residence time within the char and promotes NOx
reduction by char; and 3) lowers the concentration of active radicles like O and OH, which
leads to the suppression of NO formation. Thus, pressure influences NOXx release in the
02/CO; atmosphere through a combined effect of fuel-N oxidation and NOx reduction. The
decrease in NOx at higher pressure is due to the more significant influence of pressure on

reducing NOx than formation.

3. Nitrogen evolution during pressurized coal pyrolysis in inertial and CO2-rich

atmosphere.

The details of coal pyrolysis, aside from the volatile yield, are said to be of secondary
importance to combustion. The reasoning is that pyrolysis happens quickly, whilst the char
oxidation takes a long time, and thus the latter is in charge of the entire process. However, a
closer examination reveals that pyrolytic processes, which typically precede thermal

conversion processes (gasification and combustion), assert their impact over the entire solid-
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particle combustion process, from feeding to burnout [87]. Usually, coal-N is distributed into
volatile-N and char-N mainly during the first step of pyrolysis. In the devolatilization step,
the coal-N is first released within a heavy structured and aromatic compound called tar. The
tar-N subsequently converts into HCN and other light gases at high temperatures via

secondary pyrolysis.

3.1. Overall distribution of volatile, tar, and char-nitrogen

Detailed information on the formation mechanisms of NOx is required in order to
develop methods for controlling and reducing NOx during coal combustion. Only a few
studies have been published on the influence of pressure on nitrogen evolution between
volatiles and char [64]. However, because the mechanism for NOx formation from volatile-N
and char-N are different, so this distribution is important to be explored. In addition, NOx
control and reduction strategies rely mainly on the distribution of nitrogen between volatile
and residual carbon [88]. The overall distribution of volatile, tar and char nitrogen is

reviewed below.

3.2. Volatile-N

The coal fractionation into volatiles and char is important because volatiles are
transformed into products on a smaller time frame than char. Devolatilization varies greatly,
even within samples of the same type or rank of coal [89]. Therefore, information on
devolatilization at high pressure is essential to understand the mechanism of pollutant
formation and then devise an optimum control technique for the overall emissions in such
systems [88]. During devolatilization, coal-N is transformed into volatile-N and char-N. NHj3,
HCN, NO, N0 and N are the dominant nitrogenous gaseous products from devolatilization
and combustion. These gases can be formed in a variety of ways. NO, N>O and N> can be
either produced from the homogeneous oxidation of NH3 and HCN or from heterogeneous
catalytic oxidation over char [64]. The trend for volatile release with pressure is shown in
Fig. 10. Jenson et al. [64], illustrated that the volatile yield for Kiveton Park coal in a
pressurized thermogravimetric analyzer decreases linearly as pressure increases. Similarly,
Megaritis et al. [90] noted that the volatile yield from the pyrolysis of Daw Mill coal at
1000°C in a fluidized bed reactor decreases with pressure. The overall decrease in volatile
release with pressure during pyrolysis can be understood in terms of physical suppression of

devolatilization due to an increase in flow resistance with pressure. In addition, the
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volatilization process itself may be suppressed with pressure. Moreover, the decline in

volatile yield with pressure agrees with the other investigations [83, 85, 88, 90, 91].
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Fig. 10. Effect of pressure on volatile yield: (a) Jenson et al. [64], experimental conditions:
T =1173K; t(s) = 120 sec; Kiveton park coal; particle size range is 0.8-0.9 mm; facility used
is pressurized thermogravimetric analyzer [64] (b) Megaritis et al., [90], experimental
conditions: T = 1000 °C; t(s) = 60 sec; Daw mill coal; facility used is fluidized bed reactor.

NO is primarily produced either from NH3 and HCN or directly from char-N
oxidation. Meanwhile, NH3 and HCN are formed either directly from the devolatilization of
coal-N or from the secondary reaction of tar-N. A comprehensive literature survey by
Johnsson [92] has shown that NH3 and HCN are the major nitrogenous gaseous products
from the devolatilization of coal-N during the pyrolysis process. The nitrogen in low-quality
coals like brown coals and lignite is believed to be contained mostly in amine functional
groups, which are converted into NH3 at lower temperatures. Duan et al. [50], identified three
key N-compounds in high-rank coals: pyridine, pyrrole, and quaternary nitrogen groups.
HCN is usually produced from the conversion of pyridines and pyrrole nitrogen during
pyrolysis at high temperatures. NH3 is formed from two sources, one is from quaternary
nitrogen decomposition, and the second is from tar-N and char-N secondary reactions. The
development of NH3 and HCN is further affected by the presence of CO.. At lower
temperatures, CO; is adsorbed on the surface of the coal matrix, blocking the contact of the H
radical with the N site on the coal, while at higher temperatures, the coal matrix is exposed to
reactive radicals from the gasification reactions [S0]. Duan et al. [31], conducted experiments
with a lab-scale pressurized fluidized bed reactor (PFBR) to investigate the effect of CO> at
high pressure on the major nitrogenous pyrolysis products from devolatilization, i.e., NH3 and

HCN. They evaluated the concentration of nitrogenous gases produced from coal pyrolysis in
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N> and CO» atmospheres as a function of pressure at 850 °C. A comparison of the HCN
concentration in N> and CO; atmospheres is illustrated in Fig. 11(a). The maximum
concentration of HCN in the N> and CO» environments steadily increased as pressure rised
from 0.1 to 0.7 MPa. The thermal stability of pyridines and pyrrole nitrogen is high [55], and
even at 1000 °C, they are not fully decomposed. However, the C/CO> bond is very active at
high pressure since the stable -CN bond splits. Then, at high pressure, the open -CN sites
promote the generation of HCN with H-radicals. Hence, it means that at higher pressure the

HCN formation is prominently enhanced in CO: environment than the N> environment [50].

Fig. 11(b), illustrates the NH3 concentration with respect to pressure in N> and CO;
atmospheres. As is clear from the figure, the concentration of NH3; shows a slight increase
with pressure. This small increase is due to the fact that quaternary nitrogen decomposes
nearly completely at around 800 °C, so the pressure effect on quaternary nitrogen splitting is
negligible at 850 °C. The small increase in NH3 may be due to char-N hydrogenation with H-
radicals. The thermal cracking of the volatile precursors is facilitated by the increased
residence time of the volatile precursors within the char at higher pressures, which creates

more H-radicals that can react with char-N to form NHj3 [93].
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Fig. 11. Effect of pressure and atmosphere on (a) HCN and (b) ammonia release during coal
pyrolysis in a PFBR at 850 °C [31].

3.3. Tar-N

The distribution of nitrogen between char and volatiles depends primarily on the fuel
type, temperature and pressure, as briefly described above. During devolatilization, the coal-
N is first released with tar, a heavy structured and aromatic compound. The tar-N
subsequently converts into HCN and other light gases at high temperatures via secondary

pyrolysis [55]. High NH3 concentrations have also been reported during secondary pyrolysis.
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There are two types of volatile-N released during pyrolysis: fast volatile-N and slow volatile-
N. Fast volatile-N is found in light tar compounds, which crack rapidly and produces NH3
during secondary pyrolysis reactions. Whereas slow volatile-N (found in heavier tars)
primarily produces HCN [62], which is then converted to either NO or N2, depending on
local stoichiometry and fuel-N concentration. Himéldinen and Aho [62] have shown that the
evaporation of the condensable phase formed at the initial stage of pyrolysis is hindered at
high pressure and that diffusion through the particles is impeded. Thus, compared to
atmospheric pressure, tar can experience more secondary exothermic reactions. These
secondary reactions can be associated with either cracking that produces light hydrocarbons

or re-polymerization that produces char:
Tar - gas (R5)
Tar — char (R6)

As a result, the time it takes for the primary product and char to interact with each
other, increases with pressure, resulting in more char and gas and less tar. Studies have
consistently shown a decrease in tar and an increase in volatiles with pressure [94, 95]. The
work of Cai et al. [88], supported the previous studies by demonstrating that increasing the
heating rate boosts the net transfer of nitrogen into tar while increasing the pressure hinders
it, as shown in Fig. 12. Fig. 12 (a), illustrates that the difference between the yields of
volatiles and tar is 20% at atmospheric pressure for high-rank U.S. coal Illinois No. 6. This
difference increases to 30% at 7.0 MPa, suggesting that pressure contributes to the cracking
of certain tar precursors into gaseous hydrocarbons. With increasing pressure, the decrease in
total volatiles and tar yields is from 48 and 28% at 1atm pressure to 40 and 12% at 7.0 MPa
for Illinois No. 6, and from 19 and 13% to 16 and 5% for Tilmanstone, respectively [88].
Moreover, the distribution of coal nitrogen between product phases as a function of pressure
is shown in Fig. 12(b). This result shows that the N distribution with increasing pressure is
strongly influenced by the type of coal. It can be observed in the figure that the distribution of
volatile-N and tar-N decreases significantly as pressure increases for coal type Illinois No. 6,
whereas pressure has little effect on the N-distribution in volatile and tar for coal type

Tilmanstone.
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Fig. 12. (a) Effect of pressure on (a) pyrolysis yield and (b) nitrogen distribution in pyrolysis
yield for two types of high-rank UK coal at 700 °C and 10 s residence time [88].

3.4. Char-N

High-grade coal tars are more aromatic and stable at elevated temperatures than
biomass and peat tars. They, therefore, appear to re-polymerize, generating char instead of
cracking into simple gaseous molecules [62]. In the pyrolysis of Loy Yang (LY) brown coal
at 700 °C, the yield of char, HCN, and NH3 is plotted against pressure in Fig 13. The NH3
yield increased significantly with pressure, but the HCN yield was only minimally affected.
The near interactions between the char and the volatiles result in increased NH3 and char
yield during and after volatile release (precursors) [96]. Sathe et al. [97], conducted a similar
study and found that increasing pressure raises radical concentrations in volatile precursors.
Furthermore, the volatile precursors containing H-radicals have more time to react with the
pyrolyzing coal-N to form NHj3 [93, 98, 99]. The increased retention time of such volatile
precursors within the char would also increase free radical sites on the char surface [100].
These radical sites can increase soot formation during volatile-char interactions, resulting in
the observed increase in char production with increased pressure during pyrolysis. The char
proportion in Fig. 13, is confirmed by the work of Bayarsaikhan et al. [101], who found that
increasing the pressure (1-12 atm) during the pyrolysis of Loy Yang brown coal at 900 °C

increased the char production (on a carbon basis) in a similar nitrogen reactor.
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Fig. 13. Char, NH3 and HCN yield with respect to pressure in the pyrolysis of LY brown coal
at 700 °C [96].

Laughlin [102] investigated the effect of pressure (0.1-1.6 MPa) on the residual
nitrogen in the char during the coal pyrolysis and concluded that the N/C ratio in the char was
not affected by pressure, as shown in Fig 14(a). However, Maliutina [103] investigated the
impact of pressure on nitrogen content in biomass char and found that the concentration of
nitrogen in biomass char increased as pressure increased from 0.1 MPa to 1.5 MPa, but then
decreased beyond 1.5 MPa, as illustrated in Fig 14(b). The explanation for this result is still

uncertain, and there is no agreement on the effects of pressure on the distribution of char-N.
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Fig. 14. Pressure effect on char-N distribution; (a) coal pyrolysis (800-850°C), (b) biomass
pyrolysis (600 °C).

4. Volatile-N oxidation in pressurized oxy-combustion.
In solid fuels combustion, NOx is primarily produced from the oxidation of volatile-N

[104]. Thus, designing a low-NOx combustion system requires a comprehensive

understanding of the volatile-N oxidation in pressurized oxy-combustion processes. The
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primary zone of a low NOx burner, where most of the fuel volatilization occurs, is typically
operated at a fuel rich condition to reduce NOx formation from nitrogen-containing volatiles.
As previously mentioned, the fuel-N is normally converted into HCN during the
devolatilization stage of coal and high-grade fuel, whereas it is converted into NH3 during the
devolatilization stage of biomass or low-quality coal. HCN and NH3 are either oxidized to
NO or reduced to N> during the oxidation of volatile matter, depending on the reaction

conditions. [42, 55].

4.1. HCN oxidation

The sources of cyanide formation during coal combustion are 1) the reaction of
nitrogen species like NO or amine group compounds with the hydrocarbon radicals, 2)
decomposition of hydrocarbon amines, and 3) the devolatilization of the organic bound
nitrogen in coal [105-107]. The reaction chemistry of HCN — the most prominent cyanide
species — at atmospheric pressure has been studied by several researchers in recent years
[108-116]. However, there is a distinct lack of studies on HCN chemistry, including its
oxidation mechanism at high pressures and temperatures. To predict the behaviour of HCN
oxidation at high pressures, this work employs the Glaborg et al. [117], mechanism - a state-
of-the-art reaction mechanism published in 2018. The comparison and validation of this
mechanism can be seen in section 6.2. Chemkin simulations are used to understand the
impact of high pressure (1-15 atm) and high temperature on HCN oxidation. Fig.15, display
the predicted results of HCN oxidation at different pressure. We observe that with increasing
pressure, the optimum temperature for HCN oxidation decreases, i.e., compared with 1 atm,
at 15 atm, there is a 100 K decrease, from 1000 K to 900 K, in the oxidation starting point.
This phenomenon could be the result of a reduction in ignition delay time at elevated
pressures, as reported in studies for several different fuels [118-120]. Moreover, the Dikun
Hong et al. [71], numerically investigated that CO, gasification is positively influenced at
high pressure, producing an increased amount of CO and OH radicles via CO2+H <~ CO+OH.
The produced OH can improve HCN oxidation and CO can aid in NO reductions. Further,
NO, and N>O decrease while the intermediate HNCO and CO: increase respectively with the
increase in pressure. The effect of pressure on the chemistry is significant uptol0 atm with
small changes above 10 atm. The main reaction pathways for HCN oxidation are shown in
Fig. 16. The major and minor routes for HCN consumption are differentiated with different
arrow thicknesses. HCN oxidation at atmospheric pressure is well established in the

literature, but more work is required to understand the oxidation chemistry at high pressure.
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From the rate of production (ROP) analysis, the most important reactions for HCN

consumption at high pressure are;
HCN + OH 2 CN + H,0 (R7)

HCN + OH 2 HOCN + H (R8)

HCN +0 2 NCO + H (R9)
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Fig. 15. Pressure effect on the HCN oxidation and their products respectively, Inlet condition:
HCN =337 ppm, H,0 = 3.1%, Oz = 2.6%; reaction time = 0.149 s [110, 111].

OH + HCN 2 HNCO + H (R10)
CN + HNCO 2 HCN + NCO (R11)
HCN + 0 2 NH + CO (R12)

At high pressure, both NO and N>O drop considerably with a small increase in CO»
formation, as shown in Fig. 15. The main reaction involved in the consumption of NO and

N>O and the formation of CO; are;

NO+0+M=2NO,+M (R13)
NCO + NO 2 N,0 + CO (R14)
NCO + NO 2 N, + CO, (R15)
NH +NO 2 N,0 + H (R16)

24



NH +NO 2 N, + OH (R17)

N,O+MZ2N,+0+M (R18)
N,0 4+ CO 2 N, + CO (R19)
N,0 + CO 2 N, + CO, (R20)
0 + CO(+M) 2 CO,(+M) (R21)

+NO

Fig. 16. Main reaction pathways of HCN oxidation at 15 atm.
4.2. NH; oxidation

Ammonia ( NH3) is formed during the early combustion and/or gasification process of
coal [121] or biomass [122]. Ammonia has been used primarily to minimize NOx in the
SNCR process [123-126]. Ammonia has recently sparked interest as a possible carbon-free
energy carrier [127]. Several studies on the modelling of ammonia chemistry in the
combustion process have been published [42, 128-134]. It is one of the major sources of NO
formation during the solid fuel oxidation phase [135]. Ammonia formed from the
devolatilization of coal or biomass can be converted to NO or N> depending on the reaction
conditions [42, 55, 135]. The pathway for NO or N> formation from the combustion of N-
volatiles depends mainly on the structure of the amine radicles, such as NH», NH, and N [42,
55]. Since there are no studies available on NH3 oxidation at high pressure and temperature,
we employ the Glaborg et al. [117], mechanism in Chemkin simulation to understand the
impact of high pressure and temperature on NH3 oxidation. The results illustrated in Fig. 17,

show that the optimum temperature window for NH3 oxidation shifts significantly towards
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lower temperatures with increasing pressure. One possible explanation is that higher pressure
increases the rate of the kinetic reactions responsible for ammonia consumption in the
combustion processes such as NH; + OH 2 NH, + H,0, NH;(+M) 2 NH, + H(+M),
NH; +H 2 NH, + H,, and NH; + 0 2 NH, + OH. Due to this change in reaction rate,
NHj3 starts oxidizing at lower temperatures, i.e., at 950 K compared to 1150 K at atmospheric
pressure. Another possible hypothesis of this effect, supported by other works [118-120],
stems from high pressure reducing the ignition delay time, which lowers the oxidation
temperature. Furthermore, the concentration of NO decreases as pressure rises, signifying that
higher pressure has a beneficial effect on NOx reduction efficiency. The most important
reactions in the NO reduction are; NH, + NO 2 N, + H,0, NH, + NO 2 NNH + OH ,
NNH + NO 2 N, + HNO, NO + H(+M) @ HNO(+M), NO + HO, 2 NO, + OH, NCO +
NO2N,+C0, , NH+NO2N,0+0H , NH+NO2N,+0H , NO+0(+M) 2
NO,(+M), NO + OH(+M) 2 HONO(+M), N,O(+M) 2 N, + O(+M).

Similarly, the effect of high pressure on NH3 oxidation and NO reduction were presented by
Yu song et al., [136], but their analysis was conducted at intermediate temperature, i.e., 450
to 950 K. They concluded that at 30 bar NH3 oxidation begins at 850-875 K and reduces
down to 800 K at 100 bar. The products from NH3; combustion mainly consisted of N2 and
N20O with small amounts of NO and NO:. The results suggest that that high pressure

selectively suppresses the kinetics of NOx formation reactions.
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Fig. 17. Effect of different pressure on NH3 oxidation and NO formation, initial condition;
NH4 = 468 ppm, CHs= 2513 ppm, O,=5040 ppm, residence time= 1.127 sec.
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Fig. 18, shows the reaction pathways under the oxidizing conditions and pressure
range of 30 to 100 bar. The thickness of the arrow separates the primary and secondary routes
for ammonia use. The main route for ammonia consumption is NH; + OH 2 NH, + H,. At
high pressure and low to moderate temperatures, the peroxide radical HO> is the main chain
carrier under current conditions. However, some of the HO» is converted to OH via the fast

steps R22 and R23,
NO+HO, 2 NO, + OH (R22)
NH, + HO, 2 H,NO + OH (R23)
In addition, NH> reacts mainly with NO via R24 and R25,
NH, + NO, 2 N,0 + H,0 (R24)
NH, + NO, 2 H,NO + NO (R25)

NH> mainly converted to HoNO, reacts with O», HO,, and NO; via R26, R27, and
R28, respectively; each of these reactions abstract one H atom from H>NO to produce HNO,

which is converted to NO by reaction with O through R29.
H,NO + 0, 2 HNO + HO, (R26)
H,NO + HO, 2 HNO + H,0, (R27)
HNO + NO, 2 HNO + HONO (R28)
HNO + 0, 2 NO + HO, (R29)

Finally, NO can react with either NH, or HO>. The NH> + NO reaction produces N> either
directly

NH, + NO 2 N, + H,0 (R30)

or via
NH, + NO 2 NNH + OH (R31)

this is accompanied by a rapid dissociation of NNH from the third body (+M),
NNHf—iV'N2 +H (R32)

or
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NNH + 0, 2 N, + HO, (R33)

In oxidizing condition, the reaction NH, + NO, 2 N,0 + H,O0 is the key source of
N>O at both 30 bar and 100 bar. From sensitivity analysis, it was found that the most
sensitive chain promoting reactions in ammonia combustion are NH, + NO 2 NNH + OH,
and NH, + HO, 2 H,NO + OH, supported by the formation of OH radicals, while the
chain-terminating reactions are NH, + NO 2 N, + H,0 and NH, + NO, 2 N,0 + H,0 .
These reactions are based on the most recent work by Klipstein et al. [137] and Song et al.

[136].

Duynslaegher et al. [138], investigated the influence of initial temperature and
pressure on NOx evolution from ammonia combustion in an internal combustion engine.
They reported that NO evolution increased with an increase in temperature, mainly due to
higher thermal NOx formation in the flame at high temperatures. Additionally, they found
that even though an increase in the initial pressure does not significantly change the final
flame temperature, the thermal NO formation decreased significantly with increasing
pressure, as shown in Fig. 19. They conclude that temperature is not the only parameter to be
considered for NO formation from the combustion of ammonia. A possible explanation for
this phenomenon is that higher pressure suppresses the kinetics of NO formation reactions.
However, to understand NO formation in ammonia flames under high pressure and

temperature conditions, further analysis of such influences are required.

+NO NNH +0,

Fig. 18. NH3 oxidation reaction path ways at the elevated pressure (30-100 bar).
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Fig. 19. Effect of different pressures on NO mole concentration in the flame [138].

5. Oxidation of char-N in pressurized combustion.

Lin et al. [84], analyzed the pressure effect on char particle combustion and the
formation of NOx from char-N. They found that in a diffusion-limited high-temperature
regime, the emission of NOx dropped dramatically with rising pressure. Pressure impedes
NOx diffusion from the char particle, causing the residence time of NOx to increase.
Consequently, NOx interacts with the char particles for a longer period, increasing NOx
reduction. Fig. 20, depicts the pressure and temperature effect on char-N oxidation while
maintaining an oxygen concentration in the flue gases of up to 5% and N> as the balance gas.
At atmospheric pressure, the oxidation of char-N to NOx increases dramatically with raising
the temperature. However, as pressure rises, the conversion of char-N to NOx decreases, and
the impact of temperature weakens. The mechanism of NOx reduction on the char surface in
pressurized oxy-combustion conditions is discussed by Liang et al. [72]. They revealed that
in oxy-combustion conditions, with an increase in CO; partial pressure at high pressure and
temperatures above 900 °C, CO» gassification occurs in the presence of char, leading to the

formation of CO through the reactions below,
CO,+C - 2C0 (R34)
2C0, - 2C0 + 0, (R35)
the generated CO promotes the reduction of NO via R36,
2NO +2C0 - N, +2C0, (R36)

Additionally, the prolonged residence time of NOy inside the char leads to the
heterogeneous reduction of NO to N> through R37.

29



2NO + 2C > N, + 2C0 (R37)
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Fig. 20. Impact of pressure and temperature on NOx evolution in char combustion (5% Oz,
N> as a balance gas) [84].

6. Reduction of NOx in pressurized oxy-combustion.

Increasingly with time, the requirement to reduce NOx emission from coal combustion
has become more stringent. Different conventional methods are used for the reduction of
NOx. For example, staged combustion technologies such as air staging and fuel staging
(reburning), flameless combustion, internal recirculation, selective non-catalytic reduction
(SNCR), and selective catalytic reduction (SCR). However, all of these NO abatement
technologies are used at ambient pressure, and no research has been performed using any of
the above technologies at elevated pressure to the best of our knowledge. We explore SNCR
and reburning at high pressure and their effectiveness in NOx control based on the numerical

simulation.

6.1. Pressurized SNCR (Thermal De-NOx)

Selective non-catalytic reduction is one of the most important and practical methods
for lowering NOXx in flue gases (SNCR) [139]. Conceptually, in the SNCR method, ammonia,
urea [140-143], and cyanuric acid [144-147] are added as reducing reagents into the flue gas
stream carrying NOx [148]. These reagents effectively reduce the NOy to N> by homogeneous
gas-phase reaction at a specific temperature range (1100-1250 K) [149, 150]. The SNCR
process has multiple advantages over catalytic processes. It is easily applicable without the
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need for a separate process unit, which reduces the capital cost. Further, it does not require an
expensive catalyst, resulting SNCR highly economical compared to the other methods.
Furthermore, the SNCR is not typically polluted with fly ash and can be used in combination
with other NOx pollution control methods, such as fuel staging, air staging, internal
recirculation, and so on [148]. In this work, we limit our discussion to the SNCR process with
ammonia, also known as the thermal de-NOx process at high pressure since the reaction
mechanism is only available for ammonia as a reducing agent. Several researchers studied the
SNCR method at atmospheric pressure with detailed chemistry [42, 124, 137, 151-154]. The
main limitation of this process at atmospheric pressure is that it can reduce NOx only in a
narrow temperature window, i.e., 1100-1250 K. At temperatures lower than 1100 K, the rate
of NOx reduction reactions is insignificant while at temperatures higher than 1400 K, NOx

formation rather than reduction is dominant.

However, the impact of high pressure on the SNCR mechanism has not been
thoroughly studied. Therefore, to predict and analyze the SNCR process's behaviour at high
pressure, we employ a widely developed gas-phase mechanism based on the GRI Mech 3.0
by incorporating the subset of nitrogen chemistry from Glarborg et al. [155] and Mueller et
al. [156]. The mechanism included 72 species and 428 elementary reactions. The mechanism
can be found in the supplementary materials presented in our previous work [157]. Before
using the mechanism for pressurized SNCR, it was first evaluated with the experimental
finding from the literature referenced in Table 1 and 2. Under both ambient and elevated
pressure, the kinetic model offers a satisfactory prediction of NOx reduction and a relatively
good agreement with experimental findings, as shown in Fig. 21 and Fig. 22, respectively.

Tables 1 and 2, demonstrate the experimental conditions for Figs. 21 and 22, respectively.
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Fig. 21. Evaluation of the experimental and simulation results at atmospheric pressure;
experimental conditions are given in Table 1 [150].

Table 1. Boundary conditions of the experimental works used for mechanism evaluation.

Experimental works boundary conditions at the inlet
T(s) 02 (%) NO H>O(%) NH;3 Facility
(ppm) (ppm)
R.Rota et al. [1%8] 0.1 038 400 Oor3 960 JSR
Dagaut et al. 15! 0.1 1.25 500 0 1000 JSR
Miller and Kasauya 3511 0.1 0.5 500 5 1000 PFR

T(s) = residence time

Table 2. Boundary conditions of the experimental works used for mechanism evaluation

Cond 1t(s) T (K) P Inlet species Ref
#) (atm)

1 2164/T 1023-1423 1.05 02=4.7%, SO2=510ppm, SO3=583ppm [160]

2 2320/T 1023-1423 1.05  SO,=238 ppm, SO:=342 ppm, 02 =4.7%  [160]

3 1 700-1200 10 0,=0.333%, Hy=1%, NO=220 ppm, [161]

4 1 700-1200 10 Ho=1%, 02=1%, NO,=65 ppm [161]

5 015 950 12 S0,=500 ppm, H20=0.49%, NO=97 ppm,  [162]
C0=0.51 %, 0,=0.75%

6 015 950 3 S0,=500 ppm, H,0=0.49%, NO=97 ppm,  [162]
CO0=0.51 %, 0,=0.75%

7 015 950 6.5  S0,=500 ppm, Hx0=0.49%, NO=97 ppm,  [162]
CO0=0.51 %, 0,=0.75%

8 015 950 10 S0,=500 ppm, H,0=0.49%, NO=97 ppm,  [162]
CO0=0.51 %, 0,=0.75%

9 015 950 10 S0,=577 ppm, NO,=204 ppm [162]
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Fig. 22. Model evaluation with the literature data at elevated pressure. Operating condition
are given in Table 2, [163].

Fig. 23, illustrates the pressure effect on the SNCR process at various
temperatures. The NO reduction curves at various pressures indicated that NO reduction
efficiency improves marginally by about 2 to 3% with elevating the pressure from 1 to 15 atm
[157, 164]. However, the optimal temperature window for maximum NO reduction is
expanded by 100 K for 5 atm and 150 K for 10 atm, respectively. Following that, the
temperature window increases insignificantly above 10 atm, i.e., only a 10 K increase from
10 atm to 15 atm. The benefit of the temperature window expansion in addition to the fact
that NOx control can be accomplished over a large operating range of the boiler is that it
provides operational versatility in ammonia injection position in the boiler. Expansion of the
temperature window at high pressure can be a result of two probable effects, 1) the
enhancement of OH radical concentration at high pressure, facilitating the conversion of NH3
to NH> via NH; + OH - NH, + H,0, which further reacts with NO and convert it into N»
via NH, + NO — N, + H,0 and 2) high pressure suppresses the reaction kinetics of major
NOx formation reactions such as H+ NO+M 2 HNO + M and HNO + OH 2 NO + H,0,
at high temperature i.e., at 1400 K where NH3 oxidation normally starts at 1 atm. The
expansion of the temperature window for the SNCR process at higher pressures is indirectly
corroborated by the findings from Kasuya et al. [139]. They found that an increase in the
partial pressure of the reactants contributes to an increase in the temperature range for NOx

reduction, similar to high-pressure reactions.
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The main reaction pathway for NO reduction is shown in Fig. 24. The homogeneous
reduction of NO starts with the formation of NH; radicals by reactions of ammonia with OH,

O, or H atoms;

T T T T T T T T T T T
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YA —@—1 atm
—>—5 atm
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—F— 15 atm
£ 0.6
SO
Z
~
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Fig. 23. Pressures effect on NOx reduction vs temperature: (NO;=500ppm, NH3=1000 ppm,
0,=0.5%, H,O=5%, residence time=0.1 sec, and Ar as a balance gas) [151].

NH; + OH - NH, + H,0 (R38)
NHs; + 0 - NH, + OH (R39)
NHs; + H - NH, + H, (R40)

The primary elementary reaction of the NO to N> conversion is:

NH, + NO 2 OH + NNH (R41)

NH, + NO - N, + H,0 (R42)
\_:I_) +0,,+OH ‘m +M,0H,+0, :L_NO

NH, +OH, +0, +H ‘/N_H-Z\ +NO :/NZ\: +NH,,+NNH

Ny
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Fig. 24. Reaction pathways of NO reduction in pressurized SNCR process.

6.2 Pressurized Reburning

Reburning is one of the matured technologies used to reduce NOy as an alternative to
the SCR and SNCR processes [165, 166]. In the reburning process, the NOx is controlled by
fuel staging [167, 168]. In the first stage, a large portion of the fuel, approximately 80-90
percent, is combusted in burners with 10 percent excess air in the combustion zone [117]. A
significant amount of NOy is produced in the prime combustion zone. Following the first
stage of combustion, 15-25% of the reburning fuel is provided in the secondary zone, also
called the reburning zone, to create the fuel-rich condition. Experimental analysis suggests
that 50-70% NOx can be reduced by keeping the air to fuel ratio, residence time, and
temperatures in a specified range [169]. Finally, over-fire air (OFA) is added in the third
stage to combust the remaining fuel. The reburning fuel produces a fuel-rich atmosphere with
controlled hydrocarbon radical concentrations such as CH3, CH>, CH, C, HCCO, and so on.
These hydrocarbon radicals (CH;) have the ability to reduce NOx by transforming it into a
number of intermediate species with C-N bonds. These intermediate species are further
reduced to the NH radicals (NH2, NH, N) in the presence of CH; radicles pool and then react
with NO to form molecular nitrogen. Thus, NO can be reduced by reactions with two types of
species: CH; and NH; radicals. Coal, gas, or other fuels can be employed as a reburn fuel

[170].

The reburning mechanism has been studied widely at atmospheric pressure both
experimentally and numerically. The experimental work published provides data for flow
reactors [171-177] and jet-stirred reactors [167, 178-180]. Despite the complex reburning
chemistry, the published studies about the modelling of fuel-NO reburning have generally
achieved acceptable results, at least for smaller hydrocarbons [42, 44, 167, 171, 172, 174,
179-184]. However, no work has been done to understand the impact of high pressure on
reburning processes. Since POC is an emerging technology and has a high efficiency
compared to atmospheric combustion, it is important to analyze the reburning process at high
pressure to understand its applicability for NOx control in this technology. We use Chemkin
to simulate different reburning gaseous fuels, such as CHs, CH4+C;Hs, CoH4, and CoHo,
because these fuels are lightweight and easily decompose at high temperatures and are

commonly used for reburning processes.

35



Before beginning the study on reburning for NOx control at high pressure, the best
mechanism should be selected by comparing multiple mechanism results with experimental data
from the literature [185]. Five mechanisms were chosen for this reason, the specifics of which
can be found in our previous work [186]. All of these mechanisms are validated under fuel-rich
conditions by comparing it with the experimental work [185]. Table 3, summarizes the total
reactions, species, and references of the selected mechanisms. As shown in Fig. 25, PG
2018 calculates very acceptable and similar results to the experiment. As a result, PG 2018 has
been chosen for additional validation under high pressure. Table 4, summarizes various
experimental conditions at high pressure selected from the literature to validate the PG 2018 in
pressurized conditions and different equivalence ratios. Fig. 26, shows that the PG 2018
simulated findings are very close and in good agreement with experimental results at high
pressure, for all equivalence ratios. As a result, it was eventually agreed to use PG 2018 to study

the reburning process at ambient and elevated pressure conditions.

Table 3. Five mechanisms used for validation with the experimental results

Mechanism Species Reactions Ref
GRI3.0 53 325 [187]
P. Dagaut 145 1006 [179]
GRI2.11 49 279 [188]
PG 2018 151 1397 [117]
KONNOV 0.6 129 1231 [189]
1050
1000 e e e T
_|l o mm .
950
m Experiment
g 907 =——PG2018
= 1 === KONNOV 0.6
o 850 == - - P.Dagaut
4 GRI2.11
8007 — - GRI3.0
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- m
700 — o
650 T T T T T T T T
900 1000 1100 1200 1300
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Table 4. Experimental inlet conditions from literature used for mechanism validation

Fig# (®)° 1(s)" P (atm) Inlet compositions Ref
25 143 3.59 1 C0O2=30%, CH4= 1000 ppm, [185]
NO=1000 ppm, N> balance gas

2% 05 1 10 Ho=1%, 0»=1%, NO»=65 ppm  [161]
26 (b) 1 1 10 H>=1%, O>=1%, NO>=60 ppm, [161]
26 (¢) 1.5 1 10 H>=1%, 0,=0.333%, NO=220 ppm  [161]
#i

%) 15 1 10 Ho=1%, 0»=1%, NO»=60 ppm  [161]
#1ii

* 1(s) = residence time, ® = equivalance ratio

The effect of pressure ranging from 1 to 15 atm on the reburning process is

investigated using a chemkin simulation based on the Glaborg mechanism. The results

calculated through simulation are shown in Fig 27. The results suggest that from the baseline

case of latm, the concentration of NOx decreases with an increase in pressure. The effect of

pressure up to 10 atm is significantly high compared to the effect above 10 atm. The decrease

in NO with increased pressure during reburing is a possible result of high pressure favouring

the formation of high concentrations of CH; and NH; radicals, which then react readily with
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NO. From ROP analysis, the most important reactions that are involved in the formation of

reactive radicals, i.e., CH; and NH;, from reburning fuels are;

CH,+ OH 2 CH; + H,0 (R43)
CH,+H 2 CH; + H, (R44)
CH,+0 2 CH; + OH (R45)
CH,+CN 2 CH; + HCN (R46)
For NHi
HNCO +H 2 NH, + CO (R47)
CH; + H,NO 2 CH30 + NH, (R48)

When ethane is used as a reburning fuel, the reactive radicals form by the following reactions;

C,Hg + OH 2 C,Hs + H,0 (R49)
C,Hy + H 2 C,Hs + H, (R50)
C,Hg + CN 2 C,Hs + HCN (R51)
C,Hy + NCO 2 C,Hs + HNCO (R52)

The reactive radicals from reburning fuel react and reduce the NO in flue gases with the

following reactions;

NH, + NO 2 N, + H,0 (R53)
NH, + NO 2 NNH + OH (R54)
NO + H(+M) 2 HNO(+M) (R55)
CH; + NO 2 HCN + H,0 (R56)
HCCO + NO 2 HCNO + CO (R57)
HCCO + NO 2 HCN + CO0, (R58)
CH; + NO 2 H,CN + OH (R59)

NCO + NO 2 N, + CO, (R60)
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From reaction path analysis, the main reaction pathway is shown in Fig. 28. The

arrows’ thickness denotes the importance of the reactions.
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process, using a simulated PFR. Inlet stream condition: (a) NO = 920 ppm, Oz = 4830 ppm,
CH4 = 2800 ppm, (t = 0.15 sec); (b) NO =790 ppm, Oz = 2015 ppm, C>H4 (ethylene) = 1020
ppm, (t = 143 sec); (c) NO = 835 ppm, Oz = 1700 ppm, C2H: (acetylene) = 890 ppm, (t = 14
sec); (d) NO = 850 ppm, Oz = 4885 ppm, CHs = 2770 ppm, C2Hg = 260 ppm, (t = 0.14 sec).
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Fig. 28. Reaction pathway of NO reduction by reburning with methane and ethane.

6.3. Effect of pressure on the conversion of NO to NO;

The separation of acid gas contaminants (NOx and SOx) and recovery of latent heat of
vapors are primarily carried out in a single integrated direct contact (DCC) wash column in
the developing technique (SPOC). DCC removes NOx and SOx at a low cost because it
eliminates the need for two separate systems, such as SCR and flue gas desulphurization [29].
DCC readily absorbs NO from flue gas in the form of NO> since NO> is easily soluble in
water compared to NO [82, 190]. Furthermore, it can easily oxidize SO> to SO3 or H2SOs to
H>SO4 through SOx/NOx reactions in gas or liquid [191].

NO: is typically produced at high pressure and lower temperature region (in post flame
temperature) [192]. However, NO; formation in the combustion phase has received little
attention, owing to the fact that NO> is highly susceptible to high temperatures, and only a
small amount is produced in the post-flame area at atmospheric pressure [193]. There have
only been a few studies on the emission of NO; in the post-flame condition region at high
pressure. Mueller et al. [194], analyzed the overall impact of NO on fuel oxidation and high-
pressure conversion of NO to NOz, concluded that NO to NO; oxidation is highly dependent
on pressure and stoichiometry (oxygen concentration). Hori et al. [195], investigated the
hydrocarbons influence on the conversion of NO to NO; at the atmospheric pressure and
temperature ranging from 600-1100 K. They reported that hydrocarbon has the ability to
enhance the conversion of NO to NOz, mainly through the reaction R61
(HO2+NO=NO»+0OH). Furthermore, they discovered that the hydrocarbon effect on NO»

conversion is highly dependent on fuel type and reaction temperature. Mueller et al. [162],
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went on to investigate the relationship between SO> and NO in the O»/NO/SO»/H,O/CO
system at pressures and temperatures ranging from 0.5 to 10.0 bar and 950 to 1040 K,
respectively. They inferred that at elevated pressures, where the NO conversion to NO; rises,

the reaction R62 (SO2+NO2 = SO3+NO) is also significant and cannot be underestimated.

Several studies have reported that NO interacts with HO» radical via reaction R1 to
produce NO> [196, 197]. Hence, the conversion of NO to NO; increases with the increase in
HO:> concentration. A major route for HO> formation is R63 (H + 0, + M 2 HO, + M) [42,
197, 198], which, being a three-body reaction, is highly sensitive to pressure. Further,
this reaction is also influenced at low temperatures [199]. In effect, NO to NO: is prone to
high pressure and relatively low temperatures. Hunderup et al. [200], studied the impact of
pressure, temperature and methane injection on NO to NO; conversion. The NO2/NO profiles
as a function of pressure are shown in Fig. 29 (a), indicating that NO to NO> conversion
increased with pressure, with maximum formation at 8.54 atm. They also reported that
methane enhanced the NO oxidation by increasing the concentration of HO; radical. Similar
timothy ting et al. [82], studied the NO oxidation to NO, at laboratory scale experiment and
then solved it in liquid water at high pressure and oxy-fuel condition, and the result is shown
in Fig. 29 (b). This conclusion is supported by our research group numerical analysis at high
pressure [199], as shown in Fig. 30 (b). We observe that at both 900 °C and 1000 °C, NO>
formation increases with the increase in pressure from 1 bar to 15 bars. Moreover, the NO»
production is much higher in POC conditions than in atmospheric-combustion. It is
concluded from ROP analysis that NO; is mainly produced by reactions R61
(HO2+NO=NO>+OH), R64 (NO+O+M=NO+M), R65 (NO+0=NO2+0), and R66
(NO2+HO2=HONO+O.). However, the impacts of these reactions are significantly pressure
and temperature dependent. At ambient pressure and high temperature, reaction R64 occurs
in the reverse direction and reacts with NO», formed via reaction R61 from the oxidation of
HO», where the effect of reaction R67 (O>+H>O=0OH+HO») is significant. However, at
elevated pressure and lower temperature, reaction R64 reacts in the forward direction and

facilitates the NO2 production, comparatively higher than reaction R61.
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6.4. Direct contact column (DCC)

Using DCC technology, pressurized combustion has the ability to remove NOx and
SOx in a more cost-effective manner than conventional removal methods, such as selective
catalytic reduction (SCR) for NOx and flue-gas desulfurization (FGD) for SOx [202].
Researchers have found that an elevated pressure (usually above 15 bar) can activate certain
gas-phase reactions that enable simultaneous NOyx and SOx removal in simple water wash

columns.
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This finding was first proposed to remove NOx and SOx from atmospheric oxy-
combustion systems, where the flue gas was cooled and compressed and then fed into
reactive-absorption columns [203-206]. Air products proposed a two-stage system, where
cold flue was compressed to 15 bar and sent to a wet scrubber to remove most of the SO, and
up to 80% of NOx, then the partially cleaned flue gas was further compressed to 30 bar, and
another wet scrubber was used to remove the remaining NOx. Air-Liquide [203, 204] and
Praxair [206] also proposed similar processes for pollutant removal. Even though this
concept is promising, the presence of moisture in the flue gas can results to an acid
condensation during compression, which brings in challenges for the compressors. However,
using this approach in pressurized oxy-combustion (POC) can avoid this problem as there is
no need for flue gas compression. Washington University in St. Louis is working on a DCC
that can extract NOx and SOx directly from the warm flue gas of pressurized combustion
while also recovering the heat energy from the flue gas moisture by condensing it into a
liquid which leads to improving plant efficiency [207, 208]. A pilot-scale system at a flue gas
temperature of 200 °C has been demonstrated, and the results are promising. A simplified
process diagram of a POC plant employing DCC as the SOx and NOx removal unit is shown
in Fig. 31.

The SOx and NOx reactive-absorption process under pressure takes place in three
phases: 1) the gas-phase reaction between NO and excess Oz to produce NO2; 2) the
interphase absorption of NOx and SOy in water, and 3) reaction of sulfur- and nitrogen-

containing species in the liquid phase.
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Fig. 31. A simplified process diagram of a POC plant employing DCC as the SOx and NOx

removal unit.

Norman et al. [191], presented the detailed chemical reaction mechanism inside a DCC
column in both gas and liquid phase with 33 reactions including several intermediate
reactions; however, several of the reactions considered in the mechanism existed in
insignificant amount. Based on the equilibrium and sensitivity analysis in pressurized flue gas
systems, Ajdari et al. [209], reduced Normann et al. mechanism significantly, claiming that
the NO oxidation to NO controls the removal of NO, with SOx removal controlled through
the liquid phase reaction between absorbed SO and NO». Verma et al. [207], further reduced
the mechanism to a 5 reaction system based on experimental results and modelling and
agreed with Ajdari et al. on the limiting step. Axelbaum et al. [208], also performed pilot
scale studies in a direct contact column for NO and SO; removal at 15 bar and multiple
temperatures. They supported the results with the model based on the previously developed
mechanism [207]. They reported that NO oxidation indeed limits the removal of NO and SO..

However, they saw small disagreements at higher gas temperatures.

Since the interphase absorption equilibrium for both SO, and NO; is well established [210], a
brief review of the reactions controlling the removal of SOx and NOx in gas and liquid phases
is discussed below.
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6.4.1. Gas-phase reactions in DCC

The kinetics of NO oxidation at temperatures specific to DCC have been
widely investigated and are well known. Tsukahara et al. conducted a detailed review of the
NO oxidation kinetics in the dry gas phase, where they illustrated that the reaction is a third-

order homogenous reaction with an Arrhenius equation, k ( L2.mol™2.s71) = 1.2 x
103 exp (?), with the best fit between the temperatures of 273 K and 600 K [211]. As

evident from the equation, several studies reported in the review found out that the
temperature dependency of the rate constant is marginally inverse. In other words, the rate

decreases with increasing temperature.
2NO + 02 = 2NO»

Murciano et al. [212], studied the chemical reactions in a sour gas compression process
in both dry and wet conditions. While carrying out experiments in a room-temperature CSTR
reactor under varying pressures (5-15 bar) and varying residence times (0.5-750 s), they
found that NO is easily oxidized to NO; in the presence of oxygen. Ting et al. [82], conducted
similar room-temperature CSTR experiments for dry gas-phase oxidation of NO to NO> with
a pressure ranging from 1 to 31 bar and a corresponding change in residence time from 12.3
to 375.2 s. With an inlet concentration of 900 ppm of NO and 4% O, the results portrayed
that the increase in pressure (and a simultaneous increase in residence time) enhances the
conversion of NO to NO,. Ting et al. also reported that NO oxidation is kinetically limited
under these conditions as the conversion increased with increasing residence time. Under

these conditions, they reported a kinetic rate constant k ( L2.mol %2.s71) = 2.4«
103 exp (%), which is similar to the one reported by Tsukahara et al. Cheng et al. [213],

performed a regression analysis of the existing kinetics and experimental results to ascertain
the rate constant applicable for high pressure NO oxidation pressure (1 — 3 MPa), they found

that there is small reversibility to the reaction and reported that the rate of NO, formation as:

d[NO]
dt

= 3.4 [N0,]? — 2.6 [NO]?[0,]

Other oxides of nitrogen, including N2O4, N2Os3, and N>O, were neither identified by
lab-scale experiments[214, 215] nor measured[82] [13]. Murciano et al. and Ting et al.
considered the oxidation of NO to NO» as the most important (or the only) NOy reaction in

the gas phase.
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6.4.2. Liquid phase reactions

SO, is absorbed in water to form HSO3", and NO is oxidized to NO; and then absorbed
in water to form HNO> and HNOs. Their reaction rates determine the removal of NO> and
SO> from the gas phase. Chang et al. [216], proposed the most comprehensive liquid phase
reaction mechanism between HSO3™ and HNO», presented in Fig. 32. The reaction between
HNO> and HSO3™ produced the intermediate nitrosylsulfuric acid (NSS), whose subsequent
reactions depend on the pH of the solution and the relative concentrations of the reactants in
the solution. The possible three pathways for NSS are 1) reaction with HSO3™ to produce
hydroxylamine di-sulfonate (HADS); 2) Direct hydrolysis of NSS to form sulfuric acid and
nitrous oxide (N20); 3) reaction of NSS with nitrous acid to form sulfuric acid and nitric
oxide. Oblath et al. [217, 218], studied the impact of pH on the three reactions and reported
that the hydrolysis reaction of NSS was observed below the pH of 3.2, resulting in the
formation of N>O, and HADS was the sole product above the pH of 4. The study was limited

to room temperature and did not propose the kinetics below the pH of 4.

Susianto et al. [219], studied the interaction between HNO; and HSOs ions in a similar setup
and reduced the mechanism to two major reactions shown in Fig. 33. They reported that
below pH of 1, only sulfuric acid and N>O are produced (pathway 3), and above pH of 4,
only HADS is produced (pathway 2). They concluded that, between pH of 1 and 4, both
reactions take place with the selectivity depending on the pH. The study was limited to room

temperature, and kinetics below pH of 4 was not proposed.
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product of its acidic hydrolysis whose composition is ill-defined.

Axelbaum et al. [208], analyzed the kinetics of the reaction between HNO> and HSO3"
relevant to DCC conditions at a pH between 2 and 4 and a temperature range of 20 — 90 °C.
They reported that the first step of the reaction leading to NSS formation is the slow step in
the liquid phase and proposed the reaction rate constant of the reaction for studied
experimental conditions. They also found that at higher temperatures, HADS decomposes

slowly to produce H>SO4 and an unidentifiable nitrogen specie.

6.5. Heterogeneous reduction of NOx on char surfaces in pressurized oxy-combustion.

The heterogeneous reduction of NOx on char surfaces at high pressure was studied by
Croiset et al. [58]. They predicted the effect of pressure on the rate of NO reduction reaction,

as shown in Fig. 34.
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Fig. 34. Arrhenius plots giving the rate constants for NO (k7) and N2O (ks) reacting with
Westerholt char [58].

They observed that the rate constant of N>O reduction was larger than the rate
constant for NO reduction up to the pressure of 1.0MPa. Thus, N2O was quickly reduced on
interacting with char as compared to NO. The result is supported by the analysis from De
Soete et al. and Rodriguez et al. [220, 221]. As evident in Fig. 34, the influence of pressure is
strong up to 0.6 MPa, with a small change between 0.6 MPa and 1 MPa. It is essential to
understand how the partial pressures of NO and N2O change with the total pressure because
the reduction of NO and N-O is influenced not only by the rate constant but also by its partial
pressures. An increase in the total pressure would boost the partial pressure of NO and
facilitate the reduction of NO on char surface, generating either N2 or N>O via the subsequent
reaction NO + (-C) => 0.5 N2 + (-CO) and NO + (-CNO) => N2O + (-CO). According to
Croiset et al. [58], there is no impact of the total pressure on the formation of NO, but it
affects the reduction of NO on the char. Hence, the overall NO emission decreases when the
total pressure is increased [58]. Jiaye et al. [222], investigated the char morphology in high-
pressure pyrolysis utilizing CO; as an environment, concluding that the CO; gassification
reaction considerably enhances char porosity and BET surface area. It means that at higher
pressures, the heterogeneous NOx reduction with char might be greatly increased. However,
further research is required to explore the impact of high pressure on heterogeneous NO

reduction on char surfaces.
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7. Conclusion

This paper provides a literature review on nitrogen evolution, NOx formation, and

reduction in pressurized oxy-coal combustion. The main conclusions are as follows:

* Coal-N is distributed into volatile-N and char-N during the first step of the thermal
conversion process. In devolatilization, the coal-N is first released as tar, which is a
mixture of complex structured hydrocarbons and aromatic compounds. The tar-N
subsequently converts into HCN and other light gases at high temperatures via
secondary pyrolysis. The release of coal-N in tar increases with the heating rate and

reduces with pressure.

* Pressure reduces the volatiles of fuel at the initial stages of pyrolysis and prevents its
diffusion through the particles. As a consequence, tar can react with char to a larger
extent compared to atmospheric pressure and can initiate secondary exothermic
reactions. The secondary reactions can result either in cracking, which releases light

hydrocarbons, or re-polymerization, which increases char.

* Higher pressure promotes the gasification of CO> in the presence of char, resulting in
the production of more reducing gases like CO, which improves NOx reduction
around the char particles. Furthermore, O transport to the char surface is inhibited,
and the residence period of NO within the char particle is prolonged, both of which

hinder NO production and improve NO reduction.

* The optimum temperature for NH3; and HCN oxidation shifts towards a lower value at
higher pressure. The concentrations of NO and N2O decrease while the intermediate
HNCO and CO; increase, respectively, with pressure. There is a strong effect of

pressure up to 10 atm and a diminishing effect above it.

* The de-NOx efficiency of pressurized SNCR increases by 2-3% with an increase in
pressure, but the optimum temperature window expands significantly, i.e., from 1250K

to 1450K, which provides flexibility for the location of the SNCR injection system.

* In pressurized reburning, the concentration of NOx decreases with an increase in
pressure. Similar to NH3 and HCN oxidation, there is a stronger effect of pressure up
to 10 atm. The decrease in NO concentration with increased pressure is because high

pressure favours CH; and NH; radical formation, which reacts readily with NO.
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* The conversion of NO to NO; increases at relatively low temperatures and elevated
pressure. This helps NOx removal since NO> is relatively more soluble in water at a
higher pressure than NO. Direct contact cooler (DCC) is an emerging technology that
can remove NOx and SOx directly from the warm flue gas of pressurized combustion
and simultaneously recover the latent heat of the moisture in the flue gas so as to

improve the plant efficiency.

8. Future perspectives and Recommendations

Based on this review, we recommended further research to reduce and optimize NOx in
POC. In order to develop methods to control and reduce NOx production during POC, there
needs to be a precise understanding of the modes of formation of NOy at high pressure. There
are limited studies on the impact of pressure on nitrogen evolution between volatiles and char
during coal pyrolysis at high pressure. Since, the NOx formation mechanisms from volatile-
nitrogen and char-nitrogen are different; therefore, this distribution is important. In addition,
NOx is formed mainly from the homogeneous and heterogeneous oxidation of the major NOx
precursors (HCN, NH3) and char-N repectively. Despite the fact that this work attempts to
predict and understand the homogeneous oxidation of NOx precursors, a deeper analysis,
both numerically and experimentally, is required to expand our understanding of the
oxidation of NOx precursors at high pressure. Similarly, the heterogeneous oxidation of char-
N at high pressure requires more research to explore the NOx evolution in POC. Furthermore,
researchers needed to investigate whether the combination of alkali metals, heavy metals, and
SOz could be effective on NOx formation from homogeneous and heterogeneous oxidation of

NOx precursors and char-N, respectively, and subsequent reduction.

This review also highlights the need for further research on NOx abatement
technologies in POC. Homogeneous and heterogeneous reductions of NOx are the two key
methods to control NOx during combustion processes. A comprehensive understanding of
reaction parameters is required to design NOy reduction technologies. SNCR and reburning
are the two matured technologies currently used for NOyx abatement but have not been
extensively studied at high pressure. Similarly, as char porosity becomes more prominent at
higher pressure, it can provide a large surface area for heterogeneous reduction. Therefore,
focuses should also be given to the heterogeneous reduction of NOy at high pressure. Further,
DCC technology at high pressure is highlighted in this study for the removal of NOx and SO
simultaneous by contacting the gases and water. There are still many challenges unsolved in
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this emerging technology at high pressure like the good contact of gases and liquid,
improvement in mass transfer between two phases, enhancement in solubility of NOy in

water, etc.
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