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Oxygen polishing of chemical looping combustion flue gases

JAKOB JOHANSSON
Department of Energy and Environment
Chalmers University of Technology

Abstract
Chemical looping combustion has arisen as an attractive possible option for carbon
capture and storage. With coal as our most abundant fuel type it is of great interest
to include it in the process. Chemical looping combustion of solid fuels faces some
difficulties, one being unconverted fuel, CO, CH4 and H2 leaving the reactor with
the flue gas. A possible measure to increase the total efficiency is to oxidize the
remaining fuel with pure oxygen in a post oxidation chamber. The aim of this work
is to evaluate the performance of such a chamber and to provide recommendations
regarding operating conditions.

The project is based on gas reaction modelling in the software CHEMKIN where a
thorough simulation setup is established. The importance of operating temperature
and mixing of oxygen is analyzed and a sensitivity analysis investigating the im-
portance of different process parameters on the performance is also conducted. In
addition to combustion performance a limited study on the fate of NOx and SOx in
the post oxidation chamber is also performed.

The results from the simulations show that the POC should have a temperature
above 800°C and be designed to allow for good mixing with the added oxygen. The
vast majority of the remaining fuel from the fuel reactor will be oxidized in the
POC but complete oxidation is impossible at stoichiometric conditions. The outlet
concentration of oxygen will not be able to meet the guidelines of 100 ppm even at
an air to fuel ratio below unity.

Keywords: CLC, oxygen polishing, POC, CCS, CHEMKIN.

v





Acknowledgements
I would like to thank my supervisor Rikard Edland for all the helpful input and
discussions. Despite this not being your main field you have still raised important
and qualified questions and your door has always been open. I would also like to
thank Klas Andersson for the opportunity to do this project and for the inspiring
and insightful guidance. This study would not have been possible if not for the data
provided by the CLC group at Chalmers, from which I would like to express my
gratitude towards Carl Linderholm for providing me with the data I needed and
assisting me in the process of understanding the CLC-unit at Chalmers. Last but
not least I would like to say thank you to all the colleagues at the division of Energy
Technology for providing an inspiring work place.

Jakob Johansson, Gothenburg, Oktober 2016

vii





Contents

List of Figures xi

List of Tables xiii

1 Introduction 1
1.1 Overview of the 100 kW CLC unit at Chalmers . . . . . . . . . . . . 2
1.2 Aim and scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Theory 5
2.1 Chemical looping combustion . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Oxygen polishing in a post oxidation chamber . . . . . . . . . . . . . 6
2.3 CO2 sequestration, transport and storage . . . . . . . . . . . . . . . . 7
2.4 Reaction kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3 Methods 11
3.1 POC process model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Flue gas composition and oxygen amount . . . . . . . . . . . . . . . . 12
3.3 Impact of Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.4 Impact of mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.5 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4 Results 17
4.1 Impact of temperature . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.2 Impact of mixing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.3 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.4 Emissions of NOx and SOx . . . . . . . . . . . . . . . . . . . . . . . . 21

5 Discussion 23
5.1 Combustion efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5.2 Emissions of NOx and SOx . . . . . . . . . . . . . . . . . . . . . . . . 24
5.3 CO2 stream quality standard . . . . . . . . . . . . . . . . . . . . . . . 25
5.4 Proposed design of a POC . . . . . . . . . . . . . . . . . . . . . . . . 26
5.5 Measurements from Chalmers 100 kW CLC unit . . . . . . . . . . . . 28

6 Conclusion 29

Bibliography 31

ix



Contents

x



List of Figures

1.1 Schematic of the 100 kW CLC unit at Chalmers . . . . . . . . . . . . 3

2.1 Reactant and product streams in a CLC . . . . . . . . . . . . . . . . 6

3.1 Dimensions of the current POC . . . . . . . . . . . . . . . . . . . . . 12
3.2 Dry flue gas concentrations in the POC . . . . . . . . . . . . . . . . . 12

4.1 Impact of temperature on outlet concentration of combustible gases . 18
4.2 Impact of mixing on outlet concentration of combustible gases . . . . 18
4.3 Impact of lambda on outlet concentration of combustible gases . . . . 19
4.4 Impact of mixing and temperature on the outlet concentration of NO 21
4.5 Impact of mixing and temperature on the outlet concentration of SO2 22

5.1 Possible design of a POC . . . . . . . . . . . . . . . . . . . . . . . . . 28

xi



List of Figures

xii



List of Tables

2.1 Limits on flue gas composition for CO2 transportation . . . . . . . . 8

3.1 Concentrations used in the gas reaction simulations . . . . . . . . . . 13
3.2 Values used for the sensitivity analysis . . . . . . . . . . . . . . . . . 14

4.1 Results from the sensitivity analysis . . . . . . . . . . . . . . . . . . . 20

5.1 Comparison between simulation concentrations and guidelines . . . . 25

A.1 Results sensitivity analysis (CO2) . . . . . . . . . . . . . . . . . . . . II
A.2 Results sensitivity analysis (CO2) . . . . . . . . . . . . . . . . . . . . III
A.3 Results sensitivity analysis (CO2) . . . . . . . . . . . . . . . . . . . . IV
A.4 Results sensitivity analysis (CO) . . . . . . . . . . . . . . . . . . . . . V
A.5 Results sensitivity analysis (CO) . . . . . . . . . . . . . . . . . . . . . VI
A.6 Results sensitivity analysis (CO) . . . . . . . . . . . . . . . . . . . . . VII
A.7 Results sensitivity analysis (H2) . . . . . . . . . . . . . . . . . . . . . VIII
A.8 Results sensitivity analysis (H2) . . . . . . . . . . . . . . . . . . . . . IX
A.9 Results sensitivity analysis (H2) . . . . . . . . . . . . . . . . . . . . . X
A.10 Results sensitivity analysis (CH4) . . . . . . . . . . . . . . . . . . . . XI
A.11 Results sensitivity analysis (CH4) . . . . . . . . . . . . . . . . . . . . XII
A.12 Results sensitivity analysis (CH4) . . . . . . . . . . . . . . . . . . . . XIII
A.13 Results sensitivity analysis (NO) . . . . . . . . . . . . . . . . . . . . XIV
A.14 Results sensitivity analysis (NO) . . . . . . . . . . . . . . . . . . . . XV
A.15 Results sensitivity analysis (NO) . . . . . . . . . . . . . . . . . . . . XVI
A.16 Results sensitivity analysis (volumetric flow) . . . . . . . . . . . . . . XVII
A.17 Results sensitivity analysis (volumetric flow) . . . . . . . . . . . . . . XVIII
A.18 Results sensitivity analysis (volumetric flow) . . . . . . . . . . . . . . XIX
A.19 Results sensitivity analysis (lambda) . . . . . . . . . . . . . . . . . . XX
A.20 Results sensitivity analysis (lambda) . . . . . . . . . . . . . . . . . . XXI
A.21 Results sensitivity analysis (lambda) . . . . . . . . . . . . . . . . . . XXII
A.22 Results sensitivity analysis (temperature) . . . . . . . . . . . . . . . . XXIII
A.23 Results sensitivity analysis (temperature) . . . . . . . . . . . . . . . . XXIV
A.24 Results sensitivity analysis (temperature) . . . . . . . . . . . . . . . . XXV

xiii



List of Tables

xiv



1
Introduction

Climate change is arguably one of the more imminent threats to life on earth as
we know it. The way of living that the modern society has grown accustomed to is
in need of major changes. In the article "A safe operating space for humanity" the
authors identified nine processes and thresholds that were believed critical to main-
tain in order to avoid unacceptable environmental changes [1]. One of the processes
identified is global warming, anthropogenic CO2 is the main contributor.

Carbon dioxide is a natural end-product of combustion between oxygen and carbon
based fuel. Since our current energy systems rely heavily on combustion of such
fuels a cost-effective solution of how to avoid releasing CO2 into the atmosphere
could have a major impact in reducing emissions [2]. One method of doing this is
to separate CO2 from the flue gas and then store it beneath the earth crust. This
is often called carbon capture and storage (CCS). In order to be able to store the
CO2 safely the flue gas flow has to be purified to increase the fraction of CO2. The
operational cost in terms of efficiency loss or monetary investment of this flue gas
cleaning is dependent on the flue gas flow and it’s composition [3]. There are several
ways to clean the flue gas from unwanted species and they can be categorized into
measures before, during or after combustion.

The alternative to take action during combustion is commonly known as oxy com-
bustion. When the oxidizer used is air there is a large amount of nitrogen present
which has to be removed afterwards. However there are combustion processes that
enables the fuel to be burnt without the nitrogen present in air, one which is called
chemical looping combustion (CLC). In CLC two separate reactors are present, one
air reactor and one fuel reactor. In the air reactor there is an oxygen carrier, pos-
sibly a metal oxide (MeO) present. The oxidized MeO is transported over to the
second reactor, the fuel reactor, in which the combustion of the selected fuel is tak-
ing place. Since the metal is only carrying the oxygen and not the nitrogen the
reduction process can be done without excess nitrogen present in air. The metal is
then transported back to the air reactor where it is oxidised again.

CLC being a novel technology is still in a developing phase. It is possible to use the
technology with gaseous, liquid or solid fuels but the main part of the research has
been directed towards gaseous fuels. There has however been an increased amount
of research directed towards solid fuels in recent years. One problem that CLC of
solid fuels has encountered is that it is difficult to reach full conversion. Unburnt
fuel, mainly CO will still be present after combustion which is not desirable in any
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1. Introduction

perspective, additional measures is hence required. One proposed method is to use
a post oxidation chamber (POC) with oxy-fuel combustion technology which would
keep the flue gases clean and possibly enable complete conversion. There have been
a limited amount of studies on how to design such a POC and the chemical compo-
sitions inside it in regards of O2 and CO amount and the possibility of additional
fuel required to complete the conversion. This method is called oxy-polishing and is
one of the alternatives how to turn the CLC-process into a more attractive option
for CCS. This thesis investigates the problems described and primarily uses opera-
tion data and reactor geometry from a 100 kW CLC unit at Chalmers university of
technology.

1.1 Overview of the 100 kWCLC unit at Chalmers

The 100 kW chemical looping combustor at Chalmers is one of few that use solid
fuels. Research has as mentioned earlier mainly been directed towards combustion of
gases but since coal is a steadily available resource it is of interest to research how to
include it in the CLC process [4]. The combustion of solid fuels is a much more time
consuming process than for gaseous fuels since the fuel needs to go through drying,
devolatilization and char combustion or gasification. The increased time for char
combustion and or gasification requires the combustor to be designed with this in
mind. The CLC group at Chalmers designed their CLC to be a circulating fluidized
bed (CFB) combustor where both the air- and the fuel reactor is fluidized, the air
reactor is fluidized by air and the fuel reactor is fluidized by H2O. By fluidizing the
fuel reactor with H2O the char present can be gasified to CO and H2. In addition
to the two reactors the combustor also consists of loop seals (LS) that connect the
different parts of the unit and serves to avoid mixing of the different gases and two
cyclones to separate the moving bed material from the flue gas, see Figure 1.1.

During tests of the unit a number of different oxygen carriers have been used in-
cluding ilmenite and manganese to study how different bed materials will impact
the process. Other important features that have been varied is the type of fuel,
ranging from wood char to bituminous coal. The flue gas will have widely varying
composition depending on which fuel is used. In measurement data it has also been
shown that the combustor does not reach complete conversion but that a significant
amount of fuel escapes with the flue gas, somewhere in the order of 20% of the
total fuel amount [5]. There is also a problem with unconverted char escaping the
fuel reactor. The reactor being relatively small suffers from pressure gradients and
slugging which causes some char to escape via the flue gas.
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1. Introduction

POCAir Reactor

LS1

LS2

LS3

CY1

CY2

N₂, O₂

H₂O, CO₂

Gas Sampling, FR

Air inlet

Gas Sampling, POC

Fuel Reactor

Figure 1.1: Simplified schematic of the 100 kW CLC unit at Chalmers. Loop seals
(LS), Air reactor (AR), Fuel reactor (FR), POC, POC air inlet, Gas sampling ports
and Cyclones (CY) are displayed.

1.2 Aim and scope
When up-scaling the boiler from it´s current limited size to a proposed 1MWth the
problem with the fuel conversion is believed to decrease drastically [6]. By increasing
the height of the fuel reactor and improving efficiency of the cyclone most of the char
should reach a satisfactory residence time and improving the solid fuel conversion
from 80 to 97%. The unburnt syngas and volatiles will however remain and it is by
such still of interest. This project aims to give an overview of how a POC with oxy-
polishing will perform with the current flue gas composition of the Chalmers 100kW
boiler excluding the unburnt char that is currently present. A sensitivity analysis
regarding changes in composition as well as temperature and residence time is also
in the scope of this work. The project also aims to evaluate which of the parameters
that have the largest influence on performance. By investigating all of the above
mentioned a simplified layout of a preliminary design of a POC is to be provided.
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2
Theory

In the following chapter the theory behind some of the more extensively used con-
cepts are explained to form a basic understanding. The chapter will start with a
description of the theory behind chemical looping combustion followed by a descrip-
tion of the post oxidation chamber as it is and the theoretical need for it. The chapter
continues with a brief introduction to carbon dioxide capture, transportation and
storage and is concluded with some of the more important chemical reactions inside
the POC.

2.1 Chemical looping combustion
Chemical looping combustion as such is not a new invention but rather an old con-
cept. The idea to use an oxygen carrier to supply oxygen without using air directly
has at least been used since the early twentieth century when Howard Lane used
iron oxide to produce hydrogen via steam [7]. Years later in 1954 the technology was
studied again by Lewis Gilliland in order to produce CO2 for the beverage industry
and in 1983 Horst Richter and Karl Knoche proposed the technology as a method
to increase power plant efficiency [8]. It was first in 1994 that the technology was
presented as a way to reduce climate impact by Japanese researchers Ishida, M and
Jin, H [9]. Since then the amount of research in the area has increased with a
number of Universities including, among others, Chalmers University of technology,
Sweden and South East University, China taking interest in the subject [10].

The general chemical reaction taking place in the air reactor can be expressed as

MexOy−1 + 1
2 O2 −−→ MexOy, (2.1)

where MeO denotes metal oxide. This process is highly exothermic and by such
produces an extensive amount of heat. In a dual connected fluidized bed reactor
system this heat is maintained by transportation of bed material from the air reactor
to the fuel reactor which often has a slightly endothermic reaction taking place. The
reaction taking place in the fuel reactor can be written as

(2 n + m)MexOy + CnH2m −−→ (2 n + m)MexOy−1 + mH2O + nCO2, (2.2)

where CnH2m is the fuel fed to the system. The temperature in the air reactor is
slightly higher than that in the fuel reactor and can reach around 1000°C [11].

5



2. Theory

In Figure 2.1 the simplified reactant and product flows are shown. When impurities
are neglected the only components exiting the fuel reactor are H2O and CO2 which
are easily separated through the condensation of water. The stream exiting the air
reactor consists of mainly N2 and some excess O2, thus a process that inherently
separates N2 from the flue gas stream has been achieved.

Air Reactor
(AR)

Fuel Reactor
(FR)

MexOy

MexOy-1/Me

Air input

N2, O2 CO2, H2O

Fuel Input

Figure 2.1: Sketch of the reactant and product stream in the two reactors

2.2 Oxygen polishing in a post oxidation chamber
Even though the simplified schematics of the process indicates that complete com-
bustion occur and thus that only CO2 and H2O escapes the fuel reactor this is not
the case in real operation with solid fuel. While the oxygen carriers would be in
direct contact with a gaseous fuel fed from below the syngas released from char
particles will in some extent be released in areas with insufficient contact [11]. By
such there will always be some amount of CO, CH4 and H2 escaping with the flue gas.

Four different possible measures are pointed out by Anders Lyngfelt and Carl Lin-
derholm [11]:
• Oxygen polishing, i.e. introduction of pure oxygen in a post oxidation chamber.
• CO2 liquefaction and then separate these gases and recirculate them.
• Two fuel reactors in series to convert the gases completely.
• Usage of a different oxygen carrier that can release the oxygen in the fuel reactor,
a concept known as Chemical-Looping Oxygen uncoupling, CLOU.

Chemical-Looping Combustion still being a novel technology has received most of
the research in areas of different types of oxygen carrier’s. The post treatment of
unburnt fuel while being noted as an issue has still to be investigated further. All
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2. Theory

proposed solutions has their advantaged and disadvantages. In the case of oxygen-
polishing the disadvantages are among others the cost of an air separation unit,
ASU, and the strict requirements of very low concentrations of O2 in the final prod-
uct stream to be transported (more about this in Section 2.3).

The separation of oxygen from air in an ASU is highly energy consuming which
means that for oxy-polishing to be as profitable as possible no more oxygen than
what is required should be added (the amount required is a subject of this report).
Reaction kinetics requires that the remaining fuel and the oxygen have a sufficient
residence time and temperature to ensure burnout. The increase in residence time
can be done via a post oxidation chamber designed to meet the criteria [6].

2.3 CO2 sequestration, transport and storage
The separation of CO2 from the rest of the flue gas can be done in different ways.
The method is chosen depending on the composition of the flue gas which in the case
of CLC will be dominated by CO2 and H2O where the latter can be removed via
condensation. The flue gas will also contain some amount of impurities such as NOx ,
SOx and N2 which will have to be removed in order to meet environmental laws.
CLC technology will however only leave such small amounts of these as to there will
be no need for conventional treatment reducing the cleaning cost [6]. During the
cleaning process the CO2 stream will most often be compressed into a super-critical
liquid to simplify transportation.

The required purity of the transported CO2 stream will vary depending on the ap-
plication. There are mainly two different alternatives of what to do with CO2, oil
recovery or storage. For the industrial sector most interest has been towards oil
recovery where CO2 can be used both for secondary and tertiary recovery of oil.
During primary recovery the natural pressure in the oil well brings the lighter frac-
tions of the oil to the surface, this process will however only recover a small amount
of the total reserve [12]. To increase recovery, natural gas or other gases such as
CO2 might be injected in order to push the oil up the well [12]. The final measure
to extract remaining heavy oil is to inject solvents or other substances in order to
further increase pressure, decrease viscosity or to change the characteristics of the
reservoir rock in a beneficial way [12]. This tertiary recovery is also known as en-
hanced oil recovery, EOR and offers ways to increase the total oil recovered by a
significant amount[13].

Enhanced oil recovery is dependent on a chemistry which will vary depending on oil
composition. In order to ensure safety and operational success the CO2 therefore
need to meet certain criteria. Much of the EOR takes place in north America and
most guidelines and specifications originates from this region. In recent years there
has however been studies performed in Europe to establish the requirements. In
Table 2.1 the values from the ENCAPCO2, ENhanced CAPture of CO2, reference
guidelines report can be seen [14].

7



2. Theory

Table 2.1: Values from ENCAP - WP 1.1 2008 [14]. Maximum limits on impurities
often present in CO2 streams for it to still be used in a safe manner. Non condensable
species include N2, H2, Ar, CH4 and O2

Component Concentration Limitation
H2O 500 ppm Should be kept below solubility so there

is no free water present because of hy-
drate formation

H2S 200 ppm Health and safety
CO 2000 ppm Health and safety
O2 100-1000 ppm Range for EOR, lack of experimental

data on the effect of O2 underground
CH4 < 2 vol% Proposed in ENCAP project
N2 < 4 vol% (all non condens-

able gases)
Proposed in ENCAP project

Ar < 4 vol% (all non condens-
able gases)

Proposed in ENCAP project

H2 < 4 vol% (all non condens-
able gases)

Further reduction recommended be-
cause of the high energy content

SO2 100 ppm Health and safety
NO2 100 ppm Health and safety
CO2 > 95.5% Resulting concentration if all other

compounds are at their maximum

It is however crucial to note that these values does not set any rules but are mere
guidelines. The actual composition being transported and put in to use can vary
a lot, especially if it is only intended to be stored. One case where the flue gas
composition deviates by a significant amount compared to the one proposed by
ENCAPCO2 can be found in the French Lacq-Rousse CCS project, where the CO2
concentration can be as low as 90 vol% and the oxygen level up to 7 vol% [15].

The maximum restriction of O2 level in the super-critical CO2 is one that has not
been well defined yet. This is a problem for the proposed method of oxy-polishing
of CLC-flue gas since combustion with O2 will leave impurities of oxygen in the
stream. The amount will vary depending on temperature, air to fuel ratio (lambda)
and residence time. There are methods of removing oxygen but these are highly
energy intensive.
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2. Theory

2.4 Reaction kinetics
Modelling of chemical reactions is complex and there is often a trade off between
accuracy and computational time. There has been a substantial amount of ex-
perimental studies on combustion reactions in order to determine relevant reaction
kinetics. The kinetics of interest to this project are combustion of CH4, CO and H2,
NH3 and NOx chemistry in oxy-fuel combustion and SOx kinetics. The empirical
values for the reactions taking place in the POC are gathered from studies made
by Glarborg, P., and Mendiara, T., and the most dominant reaction paths for each
specie at the current operating conditions will be presented below [16]. CO will
almost solely react via OH through Reaction 2.3 below,

CO + OH −−⇀↽−− CO2 + H. (2.3)
H2 will also be dominantly oxidized via OH by Reaction 2.4,

H2 + OH −−⇀↽−− H2O + H. (2.4)
Both of these reactions require OH and will produce H. CH4 being the only main
fuel left in the process has three main reaction paths and will react with OH, H or
O, each reaction path is presented below in Reaction 2.5, 2.6 and 2.7,

CH4 + OH −−⇀↽−− CH3 + H2O, (2.5)

CH4 + H −−⇀↽−− CH3 + H2, (2.6)

CH4 + O −−⇀↽−− CH3 + OH. (2.7)
The distribution between NO and NO2 is balanced through Reaction 2.8 and 2.9,

NO2 + H −−⇀↽−− NO + OH, (2.8)

NO + HO2 −−⇀↽−− NO2 + OH. (2.9)
The net balance of these two reactions are dependent on the temperature and oxygen
availability. Both of these reactions are sources of OH. Sulfur in combustion is
dominated by SO2 and H2S depending on the operating environment. SO2 can be
reduced via H through two paths,

SO2 + H −−⇀↽−− SO + OH, (2.10)
or

SO2 + H −−⇀↽−− HOSO. (2.11)
H2S is a much more reactive specie and will mainly react via H according to

H2S + H −−⇀↽−− SH + H2, (2.12)
to eventually form SO which will be oxidized to SO2.

9
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3
Methods

The work is based on kinetic modelling. In this chapter the setup and work flow
will be described in further detail. The first section will give insight into the pro-
cess model used to simulate gas reactions in a POC. The second section contains
information regarding the flue gas composition used. The third and fourth section
describes how temperature and mixing distance was varied in order to simulate dif-
ferent operating conditions and the last section aims to explain the method behind
the sensitivity analysis.

3.1 POC process model

The reactions in the POC are simulated via the software CHEMKIN. The process
layout in CHEMKIN is in form of two separate inlets, one where the flue gas from
the fuel reactor enters and one is where the oxidizer enters. Both streams are led to
an isothermal plug flow reactor where they will be mixed and allowed to react. In
order to establish the importance of mixing of the two streams the oxidizer can be
varied in terms of how fast it is inserted, this to simulate a situation where mixing is
the rate-limiting factor. Since no empirical data or model is available on the current
flow dynamics in the existing POC the effect of perfect contra slow mixing and situ-
ations in between has to be simulated in order to determine the effect on the process.

The reaction mechanisms consists of a detailed set of sub reactions described by
Mendiara and Glarborg [16]. This set of reactions include the elemental species
of oxygen, hydrogen, carbon, nitrogen and sulfur and over a 100 of their radicals
and combined molecules. The relevant subsets in this case consists of oxidation of
C1 hydrocarbons, CO, H2 and nitrogen and sulfur kinetics. The sulfur chemistry
obtained is from Alzueta, M. U., Bilbao, R., and Glarborg, P. and added to the
reaction files. This set of reactions does not involve nitrogen and any interaction
between sulfur and nitrogen will therefore only be conducted via the radical pool.
This does impose some limitations [17].

11



3. Methods

Figure 3.1: Dimensions of the current POC used during gas reaction simulations.
Values are in units of cm.

3.2 Flue gas composition and oxygen amount

The flue gas composition is based upon test results of the 100 kW CLC unit at
Chalmers during stable operating conditions with coal [18]. Flue gas composition
varied during the test because of start up phase and some testing of argon as flu-
idizer in the middle. The composition chosen is an approximation of the composition
during a time window of one hour of operation, from 1.5 to 2.5 hours, see Figure
3.2. The concentrations provided in the figure are dry concentrations. The major
part of the flue gas flow is water that has been used as fluidizing agent in the boiler.
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Figure 3.2: Graph of dry flue gas composition at the inlet of the POC during
tests at Chalmers 100kW CLC unit, presented for a 1 hour time window of stable
operation. Tests carried out in January 2016
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3. Methods

The concentrations used as a baseline for each component present in the flue gas
can be found in Table 3.1. The presence of N2 is due to usage as fluidizing agent
in some parts of the boiler and possible leakage. The resolution of the test data
is low and concentrations can only be assumed to approximately match the actual
concentrations.

Table 3.1: Values used in flue gas reaction simulations. Concentrations provided
here are the actual wet concentrations that flows through the POC

Component Concentration
CO2 11.7 %
N2 4.8 %
CO 1.2 %
H2 1.1 %
CH4 0.7 %
H2O 80.6 %
NO 97 ppm
NH3 49 ppm
HCN 19 ppm
SO2 27 ppm
H2S 51 ppm

The current operation of the POC at Chalmers employs air instead of pure oxygen
and at excessive amounts. Since it is of interest to minimize the use of oxygen
because of the energy penalty of the ASU and the strict levels of allowed oxygen in
the flue gas and to maximize combustion at the same time a stoichiometric condition
is used as standard in this project.

3.3 Impact of Temperature
The POC is as stated in Section 3.1 isothermal and neglects all temperature fluctu-
ations in radial and axial position. To establish the importance of the temperature
the simulations also consists of a parameter study where different fixed temperatures
are tested. The different sets of data are then compared and analyzed to investigate
the impact. Temperature affects residence time since the volume of the POC stays
constant and this has to be taken into consideration especially at large temperature
differences when evaluating results. The minimum temperature tested is 700°C and
the maximum is 1000°C which if the flue gas is treated as an ideal gas will yield a
difference in residence time of about 30% between the two values.
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3.4 Impact of mixing
There is no data available on the flow characteristics inside the POC so a mixing
profile has to be guessed. If the POC at Chalmers had dealt with only gases the
concentrations could have been matched at the outlet but since there is char burning
inside the POC the outlet concentrations are no longer a viable option for modelling
mixing. To establish an understanding of how the mixing affect the performance of
the POC, a parameter study similar to the temperature study is conducted. Results
are evaluated at premixed, 35-, 70-, 105- and 140 cm linear air staging. The choice
of a linear profile for the insertion of oxidizer is to simplify calculations. A profile
with high availability in the beginning and slow mixing of the last percentage might
be more realistic.

The results will as in the case of the temperature study vary in residence time
depending on the mixing. When a case with slow mixing is simulated air is added
until the vary last parts of the POC which gives a lower average velocity, this
difference in time is however only in the order of a few percentage.

3.5 Sensitivity analysis
A sensitivity analysis is performed to evaluate the impact of performance of some of
the present parameters. The investigated parameters and the interval of the analysis
is displayed in Table 3.2. The flue gas components included are CO2, CO, H2, CH4
and NO. N2 and the remaining sulfur and nitrogen species are left out, the former
because of inert properties at the present temperature level and the latter because
of simplicity. The interval for the flue gas concentrations are approximated based
on the reported test values in [5]. The residence time interval is based on changed
volumetric flow, 3

4 and 5
4 of the standard flow. Temperature and Lambda has been

increased and decreased slightly to see if there are any immediate effects.

Table 3.2: Dry concentrations, residence time, temperatures and lambda used as
maximum and minimum level in the sensitivity analysis

Parameter Value [low - ref - high]
CO2 50 - 60 - 65 %
CO 4 - 6 - 8 %
H2 2 - 5.4 - 8 %
CH4 1 - 3.6 - 7 %
NO 0 - 500 - 2000 ppm

Residence time 1.00 - 1.33 - 1.77 s
Temperature 800 - 850 - 900°C

Lambda 0.95 - 1.00 - 1.05
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The procedure of the sensitivity analysis is to investigate a primary parameter and
the affect of a secondary parameter. The primary parameter is fixed while the sec-
ondary parameter is changed from the maximum level to the reference level and
finally the minimum level i.e. three steps. This procedure is then repeated but
with the primary parameter set to the reference case and finally repeated once more
with it fixed on the minimum level. These nine steps in total are then repeated
for the other secondary parameters as well, i.e. 54 simulations per parameter are
performed, resulting in a total of 378 simulations (since many simulations will be
replicas of each other the total of 378 is however reduced to 270).

The impact of lambda is also analyzed to ensure that the fuel can reach full conver-
sion. The method for the analysis of lambda is done through decreasing the amount
of flue gas while keeping the oxidizer stream constant. This process will impact
residence time approximately by the same percentage as the oxidizer is increased,
the residence time will increase due to the lower total flow. The effect of lambda
is studied for all the different mixing cases. The air to fuel ratio simulated is from
1 to 1.2 where the 20% excess oxygen is based on common practice in conventional
power plants.
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4
Results

In this chapter the simulation results are presented. The first section contains results
of how the temperature influences the conversion of CO, H2 and CH4. The next
section contains results of the impact of mixing in the POC, visualized by different
mixing distances compared at increasing temperature. The third section contains
information about the results of the sensitivity analysis. Impact of lambda and the
impact of changing other parameters present in the process is presented. The final
section adds results of how the emissions of NOx and SOx vary depending on mixing
characteristics and temperature.

4.1 Impact of temperature
The temperature has a large impact on the conversion of the fuel. The POC at
Chalmers operate at approximately 900°C which according to the results in Figure
4.1 would suggests that CO would have an outlet concentration of approximately 100
ppm and H2 a concentration of 1000 ppm at premixed and stoichiometric conditions.
The concentration of CO drops rapidly from 700 to 800°C and then maintains con-
stant outlet concentration. The outlet concentration of H2 also drops fast from 700
to 800°C but in difference to CO keeps on decreasing with increased temperature
above 800°C. CH4 is completely converted at premixed conditions for all present
temperatures. The residence time is increased with decreasing temperature and
stretches from 1.12 seconds to 1.45 seconds due to gas volume variations.

4.2 Impact of mixing
As described in Section 3.4 the impact of mixing is studied via air staging. In
Figure 4.3 results from simulations with five different mixing conditions can be seen.
Increased mixing distance (i.e. slower mixing) yields higher outlet concentration of
combustible gases, i.e. CH4, CO and H2. When increasing temperature beyond
800°C the mixing distance has a larger impact on the outlet concentration than the
temperature. The residence time is different depending on mixing condition and
temperature as described in Chapter 3 and varies between 1.1 to 1.5 seconds for
the two extremes premixed at 1000°C and 140 cm mixing at 700°C. Figure 4.3 is
cut off at the y-axis at 2% while the two longest mixing distances would continue
beyond this value for the lower temperature range. The 105 cm linear air staging
continues up to an outlet concentration of 4% at 700°C and the 140 cm linear air
staging increases to almost 8%.
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Figure 4.1: Impact of temperature on outlet concentration of combustible gases
at premixed conditions and lambda equal to 1. CO and H2 conversion increase with
increasing temperature.
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Figure 4.2: Impact of mixing and temperature on outlet concentration of com-
bustible gases (CH4, CO and H2) at premixed conditions and lambda equal to 1.
CO and H2 conversion increases with increasing mixing rate and temperature.
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4.3 Sensitivity analysis
The method behind the sensitivity analysis is described in Section 3.5. Two sepa-
rate studies are presented here, one where the amount of oxygen is increased beyond
stoichiometric levels to investigate burnout and one to establish the importance of
the different parameters of the simulation setup and flue gas composition.

In Figure 4.3 the oxidizer ratio, lambda is increased from 1 to 1.2 as the outlet con-
centration of combustible gases, CH4, CO and H2 under different mixing distances
is analyzed. The outlet concentration reaches zero as the amount of oxygen avail-
ability is increased. Situations where the mixing characteristics are slower needs a
higher lambda to reach complete conversion. The results are depicted for the current
operating conditions with standard flue gas composition and at 900°C. Residence
time between the different cases vary between 1.21-1.55 seconds from premixed at
lambda equal to 1.2 and 140 cm mixing at lambda equal to 1 which are the two
extremes. For this simulation it was not possible to have an actual premixed stream
due to simulation difficulties. The premixed case is therefore approximated with a
mixing distance of 2 cm which is the quickest mixing allowed.
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Figure 4.3: Impact of lambda on outlet concentration of combustible gases at
900°C. CO and H2 reaches complete conversion with excess oxygen, the amount
required is decreased with increased mixing rate.

Results from the sensitivity analysis regarding flue gas composition, residence time,
temperature and NO concentration are presented in Table 4.1. The original data
from where the results are gathered can be found in Appendix A. The base case
of the simulations are conducted at a linear air staging profile of 85 cm and a
temperature of 850°C. The flue gas composition that is used can be found in Section
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4. Results

3.5. The results for NO variations are large compared to other changes in flue gas
composition. The increased conversion of CO and H2 caused by NO can be traced
back to the reaction mechanism involving NO oxidation displayed in Section 2.4
where OH can be supplied in larger amounts at lower temperature levels.

Table 4.1: Results from the sensitivity analysis reported on a parameter basis.
The original data is gathered from the tables provided in Appendix A.

Parameter Impact on process
CO2 Increased combustion efficiency i.e lower concentration of

combustible species at POC inlet leads to higher CO2 purity
of the product stream

CO CO concentration does not have any notable effect on the
combustion efficiency

H2 H2 concentration does not have any notable effect on the com-
bustion efficiency

CH4 Increased concentration of CH4 leads to a slight increase of
NO reduction and combustion efficiency

NO NO has a strictly positive impact on the combustion efficiency.
NO presence has a larger impact when temperature drops
below 850°C

Residence time Increased residence time compared to base-case has a positive
impact on the conversion of H2 and CO. There is also a slight
increase to conversion of NO

Temperature Increased temperature directly leads to lowered concentra-
tions of combustible gases and NO at the outlet. The outlet
concentration of O2 is unchanged due to the reduction reac-
tion of NO toN2

Lambda Increasing lambda will increase the degree of fuel conversion
and the concentration of O2 at the outlet. Decreasing lambda
will decrease the degree of fuel conversion (CO & H2) dramat-
ically. O2 concentration at the outlet will not drop linearly
with 5% due to the decreased degree of fuel conversion.
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4. Results

4.4 Emissions of NOx and SOx

This project being a first study of the operational performance of oxygen polishing
applied to CLC flue gases is not focused on pollutant reduction and will by such
only provide a limited amount of result concerning the topic. Inlet concentration of
NOx (almost solely NO) vary with fuel type and time as described in Section 3.5
but is kept constant at the inlet during these simulations. The concentration of NO
at the inlet can not be compared to the outlet concentration due to dilution with
air but the molar flows can be compared. The inlet molar flow would compare to an
outlet concentration of about 700 ppm which can be traced back as an approximate
outlet concentration for the premixed case at 700 °C in Figure 4.4.
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Figure 4.4: Impact of mixing and temperature on the outlet concentration of NO.
NO decreases with increasing temperature except at premixed conditions where the
high oxygen availability will instead increase the amount of NO.

The temperature and available oxygen amount at the early stages of the POC are the
two main factors behind the outlet concentration of NO. For premixed conditions
the amount of NO is increased compared to the inlet concentration and the amount
increases with increasing temperature. For the remaining mixing cases, total NO
flow is lowered and continues dropping hitting a local minimum at about 950°C.

The ratio between NO and total amount of nitrogen species excluding N2 increases
with increasing temperature and is close to unity at 1000°C. For slow mixing cases
there is a presence of NH3 at the outlet while for premixed cases NH3 is always
fully converted. The outlet concentration of HCN appears to not be dependent on
mixing but rather requires a temperature of above 900°C to drop below 100 ppm.
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4. Results

Comparisons with the sensitivity analysis where only NO is present as reactive ni-
trogen specie and at the same inlet concentration show that the presence of HCN,
and NH3 will, as expected, lead to a higher outlet concentration of NO in comparison.

The fate of sulfur in the POC is almost independent of mixing and temperature when
the temperature is above 800°C as can be seen in Figure 4.5. At lower temperatures
and slow mixing cases the amount of reactive sulfur species, including among others
S2 and SO are slightly higher than for the faster mixing cases, resulting in a lower
outlet concentration of SO2.
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Figure 4.5: Impact of mixing and temperature on the outlet concentration of SO2.
The outlet concentration of SO2 is almost unchanged for the cases present in this
study except for low temperatures and slow mixing when there is a small amount
of other sulfur species present.
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5
Discussion

In this chapter the results and implications of them are assessed. The discussion
will begin with a review of the oxidation rate of the fuel in the POC followed by
a discussion of the fate of nitrogen and sulfur. To set a frame for what can be
considered a good result in terms of performance the outlet concentrations will be
compared to guidelines of CO2 stream quality to establish recommendations. This
will in term lead to the following section containing a discussion of how to design
a POC in order to achieve desirable performance. To conclude the chapter the test
data gathered from the CLC-unit at Chalmers will be reviewed in order to establish
sources of possible errors and variations.

5.1 Combustion efficiency
The degree of fuel conversion is increased with increased temperature which is to
be expected, the same goes for residence time. There is however only slight bene-
fits when increasing the temperature beyond 800°C and the residence time beyond
1.3 seconds. According to the simulations a vast majority of the incoming fuel will
have been oxidized at 800°C, a residence time of 1.33 at all but the absolute worst
mixing rate. Since the fuel reactor itself is operating at 950°C it should be of in-
terest to try and maintain as high temperatures as possible on the route to the POC.

The sensitivity analysis provides information on the operational flexibility of the
POC and indicates that it should be able to handle relatively large deviations from
the flue gas composition tested. The sensitivity analysis is also simulated with lower
temperature than the other results which points in the direction that even at re-
duced temperatures the POC with current residence time should be able to provide
a safe operating window.

Temperature and residence time are two operating conditions that are easy to con-
trol in the process through correct sizing of the POC and insulation of the pipe
together with the possibility of external heating. The mixing rate is however more
complex. The simulations suggest that it is of importance that the oxygen is well
mixed with the flue gas early in the reactor to ensure maximal oxidation of the fuel.
When the mixing rate is high the rate of production of radicals increases and hence
the concentration increases early on in the reactor allowing the oxidation process of
the fuel to increase in speed.
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5. Discussion

The reason for the use of stoichiometric condition is explained in Section 3.2 and
can be motivated with the energy penalty of the ASU and the strict restrictions of
O2 concentration in the flue gas stream. The complete oxidation of the fuel in the
POC however seems to be dependent on a certain partial pressure of O2 to take
place (see Figure 4.3) which means that the operating conditions of a POC is one
where benefits and drawbacks of O2 concentration has to be taken into consideration.
Since there are plants where the CO2 stream transported contains high levels of O2
without operational malfunctions it is of interest to the CLC-technology for the
guidelines to be re-tested.

5.2 Emissions of NOx and SOx

The results show no convincing beneficial effect on the emissions of NO or SO2 in
the current setup. The concentration of NO is decreased (see Figure 4.4) almost
to the guidelines for NO2 (found in Table 2.1) at very slow mixing rates and at
high temperatures but since the primary purpose of the POC is to increase fuel
conversion which according to the reaction sets used will be maximized for a well
mixed reactor this is of little practical use. The NO concentration instead seems to
remain close to inlet concentrations for situations that are to be regarded as optimal
for combustion efficiency. The reason for the drastic decrease in NO emissions at
slower mixing conditions is believed to be due to the activation of the NO reburning
mechanism where NO is reduced by hydrocarbons and converted to N2. In case
NO emission is an issue, this is something that could be taken into account when
designing an oxy-polishing setup.

The inlet concentration of NO varies a lot between different fuels and operating
conditions of the CLC-unit. During tests at Chalmers the dry outlet concentration
of NO from the fuel reactor has been as low as 100 ppm with operation of wood
char and as high as 2500 ppm with operation of petcoke. The sensitivity analysis
points towards that the ratio between outlet and inlet molar flow of NO is lower
when there is less present at the inlet. The difference is only marginal however and
in the order of 5-10% at the tested levels of 500 and 2000 ppm. If this result is valid
as a trend for other flue gas compositions and or levels of NO can not be established
with current data.

The concentration of NO seems to have significant impact on low temperature
(<800°C) oxidation of the fuel and to some extent enhance oxidation even at higher
temperatures (see Chapter A). In the case of a low-temperature POC it might by
such be of operational interest to use fuel with a specific nitrogen content to ensure
some formation of NO in the FR. The NO present in the flue gas can then contribute
to increase the fuel oxidation efficiency in the POC. However the actual net benefits
of this are of course limited since the need for flue gas cleaning is increased with
increasing amount of NOx .

When focusing on the SO2 concentration it is evident in the results that the impact
under current operating conditions are negligible. SO2 will be formed from the H2S
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present at the inlet and the ratio of SO2 and all present sulfur species will be close
to unity at the outlet for temperatures between 800-1000°C. In the article that the
sulfur chemistry is gathered from the authors states that SO2 can have both an in-
hibiting and a sensitizing effect on fuel oxidation. None of these effects are however
noted in the present study. The sensitizing reaction of CO oxidation (Reaction 2.10)
is not taking place at all in the present simulations. Selectivity towards this reaction
is supposed to increase at stoichiometric conditions and at temperatures between
1000 to 1500 kelvin which coincide with this study. One idea to why this is not
happening despite stoichiometry and temperature level might be because of a few
reasons, some of them noted here. The very high concentrations of steam present in
this simulation case but not in the study by Glarborg is one major difference. The
level of SO2 is also significantly lower than the one in the experimental setup used
in the article. In the article the CO oxidation is also discovered to increase with
increasing temperature from 1200K to 1500K which is higher than the interval in
this study.

The flue gas contains some amount of H2S which is very quick to react to mainly
SH which in turn reacts to eventually form SO2. During this chain of reactions
leading to the formation of SO2 the main products formed include H2. There is by
such reasons to believe that H2S acts as an inhibitor of fuel oxidation during the
conditions of this study.

5.3 CO2 stream quality standard

The main advantage of CLC as a technology is the possibility to oxidize fuel with
low energy penalties and with a reduced flue gas flow containing almost no N2 as a
result. Every new specie introduced to this flue gas stream in need of cleaning is by
such an increased cost to the overall process. The results from this study indicates
that apart from the N2 which is supposed to be replaced with recirculated flue gas
the species in need of further treatment is H2O, SO2, NO and O2 (see Table 5.1).
Since H2O is part of the process and intended to be a part of any future design it
will always need to be condensed and removed. SO2 and NO are dependent on the
type of fuel and although NO is possible to reduce by means of oxidizer staging, the
question of emission treatment will be left as a per basis situation.

Table 5.1: Comparison between the dry concentrations reached in different simu-
lations with the guideline values provided in Table 2.1. Concentration range from
simulations are based on the maximum and minimum values from the results with
a temperature of 900°C and at stoichiometric conditions

Component Value range in simulations Guideline limits for EOR
O2 1700 - 5000 ppm 1000 ppm
NO 270 - 720 ppm 100 ppm
SO2 565 - 570 ppm 100 ppm
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The only remaining specie in need of removal is O2 and it´s concentration will vary
drastically depending on the stoichiometry in the POC. The reference case consider-
ing temperature (i.e. 900°C) and flue gas composition (see Table 3.1) with a mixing
distance of 70 cm and at stoichiometric condition will have a remaining energy con-
tent of about 1% compared to the inlet of the POC. This without supplying excess
oxygen and since oxygen production is energy intensive it is of interest to keep it
down. If lambda would be increased however the remaining energy could be utilized
while increasing the outlet concentration of oxygen. The removal of O2 from the
flue gas is however a very energy intensive action when the required purity is in the
order of a few hundred ppm. It is not within the scope of this study to evaluate the
techno economical benefits of operational parameters but it is noted that to first
produce pure O2 for oxidation purpose in the POC and then subsequently remove
O2 from the flue gas stream is a highly unlikely scenario.

This situation is of significant importance and might be considered as one of the
main challenges of CLC. Thermodynamically the complete oxidation of CO and
H2 seems to be impossible at stoichiometric conditions and even at an air to fuel
ratio below unity the remaining amount of O2 will be above the guidelines. Despite
a thorough literature study no strict theoretical reason has been given as to why
O2 has to be kept at the very low concentration of 100 ppm. In the co-existence of
certain species O2 can enhance corrosion dramatically but these species can possibly
be decreased to lower levels at a much reduced cost compared to O2. Another reason
to why oxygen is out of favor is because of claimed exothermic reactions at oil well
heads, reports about the required O2 concentration for this to happen is how ever
hard to come by. There are several reports that states a necessity of further research
in the field of how impurities impact each other in order to construct a more well
established composition guideline for super critical CO2-streams.

5.4 Proposed design of a POC
The results of this study is based solely on gas reaction simulations. There are sev-
eral factors that will have a large impact on performance in the real case operation of
a POC compared to the controlled simulation environment employed in this study.
Concentration profiles are constant and likewise is the mixing characteristics in each
respective case. The gas phase reaction mechanisms are well studied but these are
empirical values and can potentially offer sources of error. One known error is the
inability for sulfur to react with nitrogen species, the impact of these reactions are
however thought to be of lesser importance.

While keeping the information above in mind there are still valuable information to
be had from the results in this study. In order to increase oxidation it is necessary to
promote a well mixed reactor. Since the real operation of a POC will include heat ex-
changing in order to extract the energy the temperature will drop in axial direction.
With an operational temperature of about 950°C in the FR it should be emphasized
on the importance of insulation and limited distance to the POC from the outlet
of the FR. The heat exchanging should not extract more than so that the tempera-
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ture of the POC at the outlet will be maintained above 700°C. The residence time
required is in the order of 1.3 seconds but could beneficially be increased to higher
values. A higher residence time would impact temperature profile and possibly mix-
ing characteristics (if diameter is increased) why this would have to be kept in mind.

The POC at Chalmers is currently operated with air instead of pure oxygen. This is
by far a cheaper option but not one that is proposed for full scale operation since the
introduction of N2 to the flue gas is making the whole CLC-principal of maintaining
a flue gas stream free of N2 obsolete. When the time comes to switch from air it
is proposed to be exchanged for O2 and recirculated flue gas to maintain a certain
volumetric flow to enhance mixing at the oxidizer inlets.

Some back of the envelope calculations for the POC at Chalmers show that the pipe
flow from the FR is above the border region between laminar and turbulent with
an approximate Reynolds number of 3600 before introducing the air and close to
4200 after the air has been added. The jet Reynolds on the other hand is in the
lower region and close to laminar with its value of approximately 2400 (calculations
available in Appendix B). In literature the recommendation to ensure fully turbulent
flow of the jet is to have a jet Reynolds above 4000.[19],[20]

In a study by Forney, L. J., it was established that four jet inlets offered superior
mixing compared to 1, 2 and 3 jets [19]. With the operation of 4 jet inlets the
volumetric flow would however have to be increased to ensure a fully turbulent flow.
This would be possible when switching from air to pure oxygen and recirculated flue
gases when the flue gas flow could be increased without increasing the amount of
oxygen. The increased flow would impact residence time negatively why the POC
would have to be larger.

In Figure 5.1 an idea of how to approach the design criteria of a POC is presented.
The main flow is divided into sub-streams in order to create natural circulation zones
inside the POC and this is followed by four jet inlets where oxygen and recirculated
flue gases can be injected. The design replicates that of a cyclone in order to avoid
problems if char will be present in the flue gas flow. A possible alteration to the
design would be to place the jet inlets before dividing the flue gas stream which would
increase turbulence in the main pipe. There might however be material constraints
to this design at inlets and pipe bends.
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Solids Exit

Flue Gas Exit

Oxygen Inlet

Oxygen Inlet

Flue Gas Inlet from Fuel Reactor

Initial Part With Induced Natural Mixing

Cross section of the POC at

oxygen inlets, 4 separate jets

Figure 5.1: Possible design of a POC. Dividing flue gas stream in order to enforce
mixing in the reactor before inserting oxygen with recirculated flue gas. With a
reactor designed as a cyclone the risk for elutriation is minimized.

5.5 Measurements from Chalmers 100 kW CLC
unit

Simulations without experimental data for validation should not be assigned with
any higher order of credibility. It is therefore regrettable that the measurement data
available from the CLC-unit at Chalmers are not more accurate than they are and
that the process it self is not working as good as it is supposed to in terms of solid
fuel leaving the fuel reactor. If the POC will have to deal with char as well as the
remaining volatiles and syngas the design might have to be altered. Residence time
for combustion and design to avoid elutriation might be two factors that will change.

The current measurements from the POC are fluctuating with time and are not
designed to be used in the manner that this report is doing. As mentioned earlier
the main focus on the research with solid fuels in CLC is in bed material and the
fact that the CLC-unit at Chalmers is one of few and the largest at that the data
gathered to this report still has to be regarded as the best possible for the time
being.
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Conclusion

This study examines the technical possibilities of oxygen polishing in a post oxida-
tion chamber by means of oxy-combustion as described by e.g. Normann, F. [21].
The base case including flue gas concentration, residence time and temperature is
gathered from operational data at Chalmers university of technology. Few studies
have been made concerning oxygen polishing of CLC flue gases so this report aims
to establish a foundation for further research.

The results show that the oxidation of the fuel with current flue gas concentration
requires a temperature above 800°C to reach a state that is mostly influenced by
air to fuel ratio. In order to increase the oxidation further the temperature can
be increased and the mixing of oxygen and flue gas in the POC should be efficient
and take place as early on in the POC as possible. H2 will be the main remaining
combustible specie after the POC with a dry concentration in the order of 1000 ppm.

In order to reach complete oxidation of the fuel the air to fuel ratio has to be in-
creased above stoichiometric. Depending on the mixing rate complete oxidation will
occur from lambda equal to 1.05 to lambda equal to 1.2 for fast contra slow mixing
at an operating temperature of 900°C. The results from the sensitivity analysis also
show that the POC with operating conditions similar to those at Chalmers should
be able to handle deviations in flue gas composition, temperature and residence time
fairly well.

During the simulations it was observed that oxidant staging can have a significant
effect on NOx reduction by means of NO reburning. Although fast mixing between
oxidizer and flue gases is beneficial for combustion, this is something that could
potentially be taken into consideration when designing an oxy-polishing system in
the future. It was also observed that NO has a significant impact on H2 and CO
oxidation especially at temperatures between 700 and 800°C.

The current available transportation guidelines for chemical composition of a super
critical CO2 stream puts severe limitations on O2 content. In this study there has
been no indications towards a result where the O2 concentration can be beneath
the required amount. There is by such a need for additional measures to reduce the
outlet O2 concentration or further research on the impact of impurities in a super
critical CO2 stream to investigate if the limits can be raised.
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A
Results from the sensitivity

analysis

This section includes the numerical values from the sensitivity analysis described in
Section 3.5. The values can be found in tables where each main parameter has it’s
own table. The ordering of the tables (considering main parameters) are CO2, CO,
H2, CH4, NO, volumetric flow, lambda and temperature. Values that have been
included are the decrease of molar flow going out of the POC compared to that
coming in to the POC (conversion), see Equation A.1 below,

(
1− ṅi,out

ṅi,in

)
∗ 100 [%], (A.1)

and the dry outlet concentration, where ṅi represents the molar flow of specie i in
moles per second. The column title called "Test case" in the attached tables below
refers to the limits explained in Section 3.5. The values for dry outlet concentrations
provided in the tables are in percentage for the case of CO2 and in ppm for all the
remaining species.
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A. Results from the sensitivity analysis
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A. Results from the sensitivity analysis
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B
Concentration and flow

calculations including Matlab code

This section includes the calculations used to determine the molar fractions and
volumetric flows. Matlab has been used as the main calculation option and the
code used is provided in the following subsections. This section also includes the
calculations for Reynolds number mentioned in Section 5.4.

B.1 Main file

% Flue gas composition calculations with air staging

clear all; clc;
Ln_FR = 200; % [Ln/min] of C+H2 from FR
m_dot_H2O = 40*1000/60/60; % Fluidizing agent , FR 40 kg/h
lambda = 1.0; % Oxygen excess in POC
n_dot_CO_char = 0; % Possibility to add CO to
% simulate char combustion in POC in mol/s,
% Assumed condition from balance is 0.0098 mol/s
% Returns composition of the wet fluegas
[nchem ,Mchem ,Ln_tot] = composition_mod (1,Ln_FR ,m_dot_H2O );
% function for returning the governing flows
% in liter normal /min and g/sec
[n_dot_FR ,n_dot_dry_FR ,n_dot_O2 ,A] = ...

flow_mod(nchem ,Mchem ,lambda ,Ln_FR ,m_dot_H2O ,...
Ln_tot ,n_dot_CO_char );

% Displays values for oxidizer flow
disp(’O2␣g/s␣Air␣g/s␣O2␣Ln/min␣Air␣Ln/min’)
disp(A)
%Molar flow of each specie from FR before POC
molfloden=n_dot_FR .*nchem;

%%
% Flue gas composition calculations

% with plug flow , no staging
clear all; clc;
% Ln/min of C+H2 flow from FR
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B. Concentration and flow calculations including Matlab code

Ln_FR = 200;
% Fluidizing agent in FR 40 kg/h
m_dot_H2O = 40*1000/60/60;
% Oxygen excess in POC
lambda = 1.0;
% Possibility to add CO to simulate char combustion in POC
% in mol/s, Assumed condition from balance is 0.0098 mol/s
n_dot_CO_char = 0;
% Returns composition of the wet fluegas
[nchem ,Mchem ,Ln_tot] = composition_mod (1,Ln_FR ,m_dot_H2O );

% function for returning the governing flows in liter
% normal /min and g/sec
% alternative function when plug flow is used
[n_dot_FR ,n_dot_dry_FR ,n_dot_O2 ,A,Ln_tot ,nchemplug] = ...

flow_plug(nchem ,Mchem ,lambda ,...
Ln_FR ,m_dot_H2O ,Ln_tot ,n_dot_CO_char );

% Displays values for oxidizer flow
disp(’O2␣g/s␣Air␣g/s␣O2␣Ln/min␣Air␣Ln/min’)
disp(A)
%Molar flow of each specie from FR before POC
molfloden=n_dot_FR .*nchem;

%% Mixing calculations , Reynolds

rho_fluegas = 0.223; % kg/m3
rho_air = 0.233; % kg/m3
% approximate [my] at 900 deg C for air/water vapor [Pa*s]
my = 4.4E-5;
n = 2; % number of inlets
d_pipe = 0.13; % main pipe d [m]
d_air = 0.0125; % pipe d of air inlet(s)

% [m], 0.0125 = current
d_POC = 0.3; % POC diameter [m]
A_inlet = pi*( d_pipe /2)^2; % Cross area of main pipe[m2]
A_airinlet = pi*( d_air /2)^2; % Cross area of jet inlet[m2]
A_POC = pi*( d_POC /2)^2; % Cross area of POC[m2]
T = 900; % Temperature [deg C]
% Velocitys @ T [m/s]
velocity_fluegas = sum(molfloden )*...

8.314*(T+273.15)/1.013 e5/A_inlet;
velocity_air = n_dot_O2 /0.21*8.314*...

(T+273.15)/1.013 e5/A_airinlet/n;
velocity_O2 = n_dot_O2 *8.314*(T+273.15)/...

1.013 e5/A_airinlet/n;
velocity_mixed = (sum(molfloden )+ n_dot_O2 /0.21)*8.314...

*(T+273.15)/1.013 e5/A_inlet;
velocity_POC = (sum(molfloden )+ n_dot_O2 /0.21)*8.314...

*(T+273.15)/1.013 e5/A_POC;
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% Reynolds numbers for different segments of the pipe
% Main pipe
Re_fluegas = rho_fluegas*velocity_fluegas*d_pipe/my;
% Air inlet
Re_air = rho_fluegas*velocity_air*d_air/my;
% Main pipe after mixing
Re_mix = rho_fluegas*velocity_mixed*d_pipe/my;
% POC
Re_POC = rho_fluegas*velocity_POC*d_POC/my;

B.2 Composition file

function [nchem ,Mchem ,Ln_tot] = composition_mod(n,Ln_FR ,m_dot_H2O)
% Gives the chemical composition of the flue gas in a matrix nchem
MCO2 = 12.01+16*2; %g/mol
MN2 = 14.01*2; %g/mol
MCO = 12.01+16; %g/mol
MH2 = 1.008*2; %g/mol
MCH4 = 12.01+1.008*4; %g/mol
MH2O = 1.008*2+16; %g/mol
MC2H4 = 12.01*2+1.008*4; %g/mol
MNO2 = 14.01+16*2; %g/mol
MNO = 14.01+16; %g/mol
MH2S = 1.008*2+32.07; %g/mol
MHCN = 1.008+12.01+14.01; %g/mol
MSO2 = 32.07+16*2; %g/mol
MNH3 = 14.01+1.008*3; %g/mol
% matrix with molarmass
Mchem = [MCO2;MN2;MCO;MH2;MCH4;MH2O ;...

MC2H4;MNO2;MNO;MH2S;MHCN;MSO2;MNH3];
%Dry molefraction (based on test data)
nCO2 = 0.60; %mole fraction
nN2 = 0.2481; %mole fraction
nCO = 0.06; %mole fraction
nH2 = 0.054; %mole fraction
nCH4 = 0.036; %mole fraction
nH2O = 0; %mole fraction
nC2H4 = 0.0; %mole fraction
nNO2 = 0.0; %mole fraction
nNO = 0.0005; %mole fraction
nH2S = 0.00026; %mole fraction
nHCN = 0.0001; %mole fraction
nSO2 = 0.00014; %mole fraction
nNH3 = 0.000250; %mole fraction
% Flow of H2O from fluidizing Ln/min
Ln_H2O = m_dot_H2O/Mchem (6)*22.414*60;
% Flow from FR , wet. [Ln/min]
Ln_tot = Ln_FR+Ln_H2O;
%Wet molefraction (based on test data)
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nCO2=nCO2*Ln_FR/Ln_tot; % mole fraction
nN2=nN2*Ln_FR/Ln_tot; % mole fraction
nCO=nCO*Ln_FR/Ln_tot; % mole fraction
nH2=nH2*Ln_FR/Ln_tot; % mole fraction
nCH4=nCH4*Ln_FR/Ln_tot; % mole fraction
nH2O=(nH2O*Ln_FR+Ln_H2O )/ Ln_tot; % mole fraction
nC2H4=nC2H4*Ln_FR/Ln_tot; % mole fraction
nNO2=nNO2*Ln_FR/Ln_tot; % mole fraction
nNO=nNO*Ln_FR/Ln_tot; % mole fraction
nH2S=nH2S*Ln_FR/Ln_tot; % mole fraction
nHCN=nHCN*Ln_FR/Ln_tot; % mole fraction
nSO2=nSO2*Ln_FR/Ln_tot; % mole fraction
nNH3=nNH3*Ln_FR/Ln_tot; % mole fraction
nchem = [nCO2;nN2;nCO;nH2;nCH4;nH2O ;...

nC2H4;nNO2;nNO;nH2S;nHCN;nSO2;nNH3];
normalize = 1/sum(nchem ); % Normalizing
nCO2=nCO2*normalize; % normalized mole fraction
nN2=nN2*normalize; % normalized mole fraction
nCO=nCO*normalize; % normalized mole fraction
nH2=nH2*normalize; % normalized mole fraction
nCH4=nCH4*normalize; % normalized mole fraction
nH2O=nH2O*normalize; % normalized mole fraction
nC2H4=nC2H4*normalize; % normalized mole fraction
nNO2=nNO2*normalize; % normalized mole fraction
nNO=nNO*normalize; % normalized mole fraction
nH2S=nH2S*normalize; % normalized mole fraction
nHCN=nHCN*normalize; % normalized mole fraction
nSO2=nSO2*normalize; % normalized mole fraction
nNH3=nNH3*normalize; % normalized mole fraction
nchem = [nCO2;nN2;nCO;nH2;nCH4;nH2O ;...

nC2H4;nNO2;nNO;nH2S;nHCN;nSO2;nNH3];
end

B.3 Flow file with air staging

function [n_dot_FR ,n_dot_dry_FR ,n_dot_O2 ,A] = ...
flow_mod( nchem ,Mchem ,lambda ,Ln_FR ,...
m_dot_H2O ,Ln_tot ,n_dot_CO_char)

% Calculations of the flow in different
% parts of the reactor system and POC
% V/n = TR/P
% Liter normal per mole
Vn = 273.15*8.3144598/101325*1000;
% Flow of H2O from fluidizing
Ln_H2O = m_dot_H2O/Mchem (6)*Vn*60;
n_dot_FR = Ln_tot/Vn/60; % [mole/s]
n_dot_dry_FR = (Ln_FR)/Vn/60; % [mole/s]
m_dot_FR = n_dot_FR*sum(nchem .*Mchem ); % [g/s]
% Stochiometric coefficients for combustion
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B. Concentration and flow calculations including Matlab code

Oxydemand = [0;0;0.5;0.5;2;0;3;0;0.5;3/2;9/4;0;7/4];
n_dot_O2 = (sum(nchem (1:13).* Oxydemand (1:13))* n_dot_FR ...

+n_dot_CO_char *0.5)* lambda; % Moles of O2 [mole/s]
MO2 = 16*2; % g/mol
m_dot_O2 = n_dot_O2*MO2; % Mass flow of O2 [g/s]
n_dot_air = n_dot_O2 /0.21; % [mole/s] if air is used
m_dot_air = n_dot_air *0.79* Mchem (2)+ m_dot_O2; % Air [g/s]
Ln_air = n_dot_air *60*Vn; % Ln of Air
Ln_O2 = n_dot_O2 *60*Vn; % Ln of O2
Ln_POC_air = Ln_air+Ln_tot; % Ln , POC after mixing (Air)
Ln_POC_O2 = Ln_O2+Ln_tot; % Ln , POC after mixing (O2)
Ln_char = 273.15*8.3144598/101325*1000* n_dot_CO_char ...

*60; %Flow of char if it is used
A=[m_dot_O2 ,m_dot_air ,Ln_O2 ,Ln_air ]; % Matrix to view values
end

B.4 Flow file without air staging

function [n_dot_FR ,n_dot_dry_FR ,n_dot_O2 ,A,...
Ln_tot ,nchemplug] = flow_plug( nchem ,Mchem ,...
lambda ,Ln_FR ,m_dot_H2O ,Ln_tot ,n_dot_CO_char)

% Calculations of the flow in different
% parts of the reactor system and POC
% V/n = TR/P
% Liter normal per mole
Vn = 273.15*8.3144598/101325*1000;
% Flow of H2O from fluidizing
Ln_H2O = m_dot_H2O/Mchem (6)*Vn*60;
n_dot_FR = Ln_tot/Vn/60; % [mole/s]
n_dot_dry_FR = (Ln_FR)/Vn/60; % [mole/s]
m_dot_FR = n_dot_FR*sum(nchem .*Mchem ); % [g/s]
% Stochiometric coefficients for combustion
Oxydemand = [0;0;0.5;0.5;2;0;3;0;0.5;3/2;9/4;0;7/4];
n_dot_O2 = (sum(nchem (1:13).* Oxydemand (1:13))* n_dot_FR ...

+n_dot_CO_char *0.5)* lambda; % Moles of O2 [mole/s]
MO2 = 16*2; % g/mol
m_dot_O2 = n_dot_O2*MO2; % Mass flow of O2 g/s
n_dot_air = n_dot_O2 /0.21; % [mole/s] if air is used
m_dot_air = n_dot_air *0.79*...

Mchem (2)+ m_dot_O2; % Air [g/s]
Ln_air = n_dot_air *60*Vn; % Ln of Air
Ln_O2 = n_dot_O2 *60*Vn; % Ln of O2
Ln_POC_air = Ln_air+Ln_tot; % Ln , POC mixed (Air)
Ln_POC_O2 = Ln_O2+Ln_tot; % Ln , POC mixed (O2)
A=[m_dot_O2 ,m_dot_air ,Ln_O2 ,Ln_air ]; % Disp -Value matrix
% Dry molefraction (based on test data)
% needs to be the same as in flow_mod
nCO2 = 0.60; %mole fraction
nN2 = 0.2481; %mole fraction
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nCO = 0.06; %mole fraction
nH2 = 0.054; %mole fraction
nCH4 = 0.036; %mole fraction
nH2O = 0; %mole fraction
nC2H4 = 0.0; %mole fraction
nNO2 = 0.0; %mole fraction
nNO = 0.0005; %mole fraction
nH2S = 0.00026; %mole fraction
nHCN = 0.0001; %mole fraction
nSO2 = 0.00014; %mole fraction
nNH3 = 0.000250; %mole fraction
% same as above but with H2O
nCO2=nCO2*Ln_FR/Ln_POC_air;
nN2=(nN2*Ln_FR+Ln_air *0.79)/ Ln_POC_air;
nCO=nCO*Ln_FR/Ln_POC_air;
nH2=nH2*Ln_FR/Ln_POC_air;
nCH4=nCH4*Ln_FR/Ln_POC_air;
nH2O=(nH2O*Ln_FR+Ln_H2O )/ Ln_POC_air;
nC2H4=nC2H4*Ln_FR/Ln_POC_air;
nNO2=nNO2*Ln_FR/Ln_POC_air;
nNO=nNO*Ln_FR/Ln_POC_air;
nH2S=nH2S*Ln_FR/Ln_POC_air;
nHCN=nHCN*Ln_FR/Ln_POC_air;
nSO2=nSO2*Ln_FR/Ln_POC_air;
nNH3=nNH3*Ln_FR/Ln_POC_air;
nO2=Ln_O2/Ln_POC_air;
nchem = [nCO2;nN2;nCO;nH2;nCH4;nH2O ;...

nC2H4;nNO2;nNO;nH2S;nHCN;nSO2;nNH3;nO2];
normalize = 1/sum(nchem ); % Normalizing
nCO2=nCO2*normalize; % normalized mole fraction
nN2=nN2*normalize; % normalized mole fraction
nCO=nCO*normalize; % normalized mole fraction
nH2=nH2*normalize; % normalized mole fraction
nCH4=nCH4*normalize; % normalized mole fraction
nH2O=nH2O*normalize; % normalized mole fraction
nC2H4=nC2H4*normalize; % normalized mole fraction
nNO2=nNO2*normalize; % normalized mole fraction
nNO=nNO*normalize; % normalized mole fraction
nH2S=nH2S*normalize; % normalized mole fraction
nHCN=nHCN*normalize; % normalized mole fraction
nSO2=nSO2*normalize; % normalized mole fraction
nNH3=nNH3*normalize; % normalized mole fraction
nO2=nO2*normalize; % normalized mole fraction
nchemplug = [nCO2;nN2;nCO;nH2;nCH4;nH2O ;...

nC2H4;nNO2;nNO;nH2S;nHCN;nSO2;nNH3;nO2];
end
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C
Simulation information

This sections provides information about the choices made in Chemkin for the basic
simulations and the sensitivity analysis. Remaining parts required for simulation
setup to be complete include thermodynamic data for the species present and their
reaction sets the latter which will be provided in the next section of this Appendix.

C.1 CHEMKIN input parameter

Choices made for the plug flow reactor:

Problem type: Fix gas temperature
Turn on momentum equation: Yes
Turn on residence time calculations: Yes
Starting axial position: 0.0 cm
Ending axial position: 170 cm
Diameter: Defined geometry from POC design
Internal surface area per unit length: Empty
External surface area per unit length: Empty
Temperature: Defined for each case
Pressure: 1 atm
Surface temperature same as gas temperature: Yes
Mixture viscosity at inlet: 0.0 g/cm-sec
Gas reaction rate multiplier: 1.0

Choices made for the primary inlet (flue gas):

Volumetric flow rate in SCCM: Varying dependent on simulation type, @ 273.15K
Species: Composition dependent on simulation case

Choices made for the secondary inlet (air):

Distance profile: Depending on simulation type, @ 273.15K
Species: N2=0.79 and O2=0.21
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C. Simulation information

C.2 Sensitivity analysis
Distance profile: Linear staging from 1-85 cm inside POC, @ 273.15K
Remaining input parameters varied as explained in Section 3.5
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D
Reaction sets

D.1 H2 subset
H + O2 � O + OH

H + H + M � H2 + M
H + H + N2 � H2 + N2
H + H + H2 � H2 + H2

H + H + H2O � H2 + H2O
H + O + M � OH + M

H + O2(+M) � HO2(+M)
H + O2(+AR) � HO2(+AR)
H + O2(+N2) � HO2(+N2)

O + O + M � O2 + M
O + H2 � OH + H

OH + OH � O + H2O
OH + H + M � H2O + M

OH + H2 � H + H2O
H2 + O2 � HO2 + H

HO2 + H � OH + OH
HO2 + H � H2O + O
HO2 + O � OH + O2

HO2 + OH � H2O + O2
HO2 + HO2 � H2O2 + O2

H2O2(+M) � OH + OH(+M)
H2O2 + H � H2O + OH
H2O2 + H � HO2 + H2
H2O2 + O � HO2 + OH

H2O2 + OH � H2O + HO2

D.2 CO subset
CO + O(+M) � CO2(+M)

CO + O2 � CO2 + O
CO + HO2 � CO2 + OH

CO + OH � CO2 + H
CO + OH � HOCO
HOCO � CO2 + H
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HOCO + OH � CO2 + H2O
HOCO + OH � CO + H2O2
HOCO + O2 � CO2 + HO2

D.3 CH2O subset
CH2O(+M) � HCO + H(+M)
CH2O(+M) � CO + H2(+M)

CH2O + H � HCO + H2
CH2O + O � HCO + OH

CH2O + O2 � HCO + HO2
CH2O + OH � HCO + H2O

CH2O + HO2 � HCO + H2O2
CH2O + CH3 � HCO + CH4

HCO � H + CO
HCO + H � CO + H2
HCO + O � CO + OH
HCO + O � CO2 + H

HCO + OH � CO + H2O
HCO + O2 � CO + HO2

HCO + HO2 � CO2 + OH + H
HCO + HCO � CO + CH2O

D.4 CH4 subset
CH3 + H(+M) � CH4(+M)

CH4 + H � CH3 + H2
CH4 + O � CH3 + OH

CH4 + OH � CH3 + H2O
CH4 + HO2 � CH3 + H2O2

CH4 + O2 � CH3 + HO2
CH4 + CH2 � CH3 + CH3

CH4 + CH2(S) � CH3 + CH3
CH2 + H(+M) � CH3(+M)

CH3 + H � CH2 + H2
CH2(S) + H2 � CH3 + H
CH3 + O � CH2O + H

CH3 + O � H2 + CO + H
CH3 + OH � CH2 + H2O

CH3 + OH � CH2(S) + H2O
CH2(S) + H2O � CH3 + OH

CH3 + HO2 � CH4 + O2
CH3 + HO2 � CH3O + OH

CH3 + O2 � CH3O + O
CH3 + O2 � CH2O + OH
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CH3 + O2 + M � CH3OO + M
CH3 + O2 � CH3OO

CH3 + HCO � CH4 + CO
CH3 + CH3 � C2H5 + H

CH3 + CH3(+M) � C2H6(+M)
CH2 + M � CH + H + M
CH2 + M � C + H2 + M

CH2 + H � CH + H2
CH2 + O � CO + H + H

CH2 + O � CO + H2
CH2 + OH � CH2O + H
CH2 + OH � CH + H2O
CH2 + O2 � CO + H2O

CH2 + O2 � CO2 + H + H
CH2 + O2 � CH2O + O
CH2 + O2 � CO2 + H2

CH2 + O2 � CO + OH + H
CH2 + CO2 � CO + CH2O
CH2(S) + M � CH2 + M
CH2(S) + N2 � CH2 + N2

CH2(S) + AR � CH2 + AR
CH2(S) + H � CH2 + H
CH2(S) + H � CH + H2
CH2(S) + O � CO +2 H

CH2(S) + OH � CH2O + H
CH2(S) + O2 � CH2 + O2

CH2(S) + H2O � CH2 + H2O
CH2(S) + CO2 � CH2O + CO

CH + H � C + H2
CH + O � CO + H

CH + OH � HCO + H
CH + OH � C + H2O
CH + O2 � HCO + O

CH + H2O � CH2O + H
CH + CO2 � HCO + CO

C + OH � CO + H
C + O2 � CO + O

CH3OH(+M) � CH3 + OH(+M)
CH3OH(+M) � CH2(S) + H2O(+M)

CH3OH + H � CH2OH + H2
CH3OH + H � CH3O + H2

CH3OH + O � CH2OH + OH
CH3OH + O � CH3O + OH

CH3OH + OH � CH2OH + H2O
CH3OH + OH � CH3O + H2O

CH3OH + HO2 � CH2OH + H2O2
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CH3OH + O2 � CH2OH + HO2
CH3OH + O2 � CH3O + HO2

CH2OH(+M) � CH2O + H(+M)
CH2OH + H � CH2O + H2
CH2OH + H � CH3 + OH

CH2OH + H(+M) � CH3OH(+M)
CH2OH + O � CH2O + OH

CH2OH + OH � CH2O + H2O
CH2OH + HO2 � CH2O + H2O2

CH2OH + O2 � CH2O + HO2
CH2OH + HCO � CH3OH + CO
CH2OH + HCO � CH2O + CH2O

CH2OH + CH2O � CH3OH + HCO
CH2OH + CH2OH � CH3OH + CH2O
CH2OH + CH3O � CH3OH + CH2O

CH2OH + CH4 � CH3OH + CH3
CH3O(+M) � CH2O + H(+M)

CH3O + H � CH2O + H2
CH3O + H � CH3 + OH

CH3O + H(+M) � CH3OH(+M)
CH3O + O � CH2O + OH

CH3O + OH � CH2O + H2O
CH3O + HO2 � CH2O + H2O2

CH3O + O2 � CH2O + HO2
CH3O + CO � CH3 + CO2

CH3O + CH3 � CH2O + CH4
CH3O + CH4 � CH3OH + CH3

CH3O + CH2O � CH3OH + HCO
CH3O + CH3O � CH3OH + CH2O

CH3OOH � CH3O + OH
CH3OOH + H � CH2OOH + H2
CH3OOH + H � CH3OO + H2
CH3OOH + H � CH3O + H2O

CH3OOH + O � CH2OOH + OH
CH3OOH + O � CH3OO + OH

CH3OOH + OH � CH3OO + H2O
CH3OOH + OH � CH2OOH + H2O
CH3OOH + HO2 � CH3OO + H2O2

CH3OO + H � CH3O + OH
CH3OO + O � CH3O + O2

CH3OO + OH � CH3OH + O2
CH3OO + OH � CH3O + HO2

CH3OO + HO2 � CH3OOH + O2
CH3OO + CH3 � CH3O + CH3O

CH3OO + CH4 � CH3OOH + CH3
CH3OO + HCO � CH3O + H + CO2
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CH3OO + CO � CH3O + CO2
CH3OO + CH2O � CH3OOH + HCO
CH3OO + CH3O � CH2O + CH3OOH

CH3OO + CH3OH � CH3OOH + CH2OH
CH3OO + CH3OO � CH3O + CH3O + O2

CH3OO + CH3OO � CH3OH + CH2O + O2
CH3OO + C2H5 � CH3O + CH3CH2O
CH3OO + C2H6 � CH3OOH + C2H5

CH2OOH � CH2O + OH

D.5 C2 subset
C2H6 + H � C2H5 + H2
C2H6 + O � C2H5 + OH

C2H6 + OH � C2H5 + H2O
C2H6 + HO2 � C2H5 + H2O2

C2H6 + O2 � C2H5 + HO2
C2H6 + CH3 � C2H5 + CH4

C2H6 + CH2(S) � C2H5 + CH3
C2H4 + H(+M) � C2H5(+M)
C2H5 + H(+M) � C2H6(+M)

C2H5 + O � CH3 + CH2O
C2H5 + O � CH3CHO + H

C2H5 + O � C2H4 + OH
C2H5 + OH � C2H4 + H2O

C2H5 + HO2 � CH3CH2O + OH
C2H5 + O2 � C2H4 + HO2

C2H5 + O2(+M) � C2H4 + HO2(+M)
C2H5 + CH2O � C2H6 + HCO

C2H5 + HCO � C2H6 + CO
C2H5 + CH3 � C2H4 + CH4

C2H5 + C2H5 � C2H6 + C2H4
C2H3 + H(+M) � C2H4(+M)

C2H4(+M) � H2CC + H2(+M)
C2H4 + H � C2H3 + H2
CH4 + CH � C2H4 + H
CH3 + CH2 � C2H4 + H

CH3 + CH2(S) � C2H4 + H
C2H4 + O � CH3 + HCO

C2H4 + O � CH2CHO + H
C2H4 + OH � C2H3 + H2O
C2H4 + OH � CH3 + CH2O

C2H4 + OH � CH3CHO + H
C2H4 + OH � CH2CHOH + H

C2H4 + OH � CH2CH2OH
C2H4 + HO2 � cC2H4O + OH
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C2H4 + O2 � C2H3 + HO2
C2H4 + CH3 � C2H3 + CH4

C2H2 + H(+M) � C2H3(+M)
C2H3 + H � C2H2 + H2
CH3 + CH � C2H3 + H

C2H3 + O � CH2CO + H
C2H3 + OH � C2H2 + H2O

C2H3 + HO2 � CH2CHO + OH
C2H3 + O2 � CH2CHOO

C2H3 + O2 � CH2O + HCO
C2H3 + O2 � CH2CHO + O
C2H3 + O2 � C2H2 + HO2
C2H3 + O2 � CH3O + CO
C2H3 + O2 � CH3 + CO2

C2H3 + CH2O � C2H4 + HCO
C2H3 + HCO � C2H4 + CO
C2H3 + CH3 � C2H2 + CH4
C2H3 + CH � CH2 + C2H2

C2H3 + C2H3 � C2H4 + C2H2
C2H3 + C2H � C2H2 + C2H2
C2H2 + M � C2H + H + M

CH3 + C � C2H2 + H
CH2 + CH � C2H2 + H

CH2 + CH2 � C2H2 + H + H
CH2 + CH2 � C2H2 + H2
C2H2 + O � HCCO + H
C2H2 + O � CH2 + CO
C2H2 + O � C2H + OH

C2H2 + OH � CH3 + CO
C2H2 + OH � HCCOH + H

C2H2 + OH � CHCHOH
C2H2 + OH � CH2CO + H

C2H2 + HO2 � CH2O + HCO
C2H2 + HO2 � CH2CHO + O

C2H2 + O2 � HCO + HCO
C2H2 + CH2(S) � C2H2 + CH2

H2CC � C2H2
H2CC + H � C2H2 + H

H2CC + OH � CH2CO + H
H2CC + O2 � CH2 + CO2

C2 + H2 � C2H + H
CH2 + C � C2H + H
C2H + O � CH + CO

C2H + OH � HCCO + H
C2H + OH � C2 + H2O
C2H + H2 � C2H2 + H
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D. Reaction sets

C2H + O2 � CO + CO + H
C2H + CH4 � CH3 + C2H2

C2 + M � C + C + M
C2 + O � C + CO

C2 + OH � C2O + H
C2 + O2 � CO + CO

CH3CHO(+M) � CH3 + HCO(+M)
CH3CHO + H � CH3CO + H2

CH3CHO + H � CH2CHO + H2
CH3CHO + O � CH3CO + OH

CH3CHO + O � CH2CHO + OH
CH3CHO + OH � CH3CO + H2O

CH3CHO + OH � CH2CHO + H2O
CH3CHO + HO2 � CH3CO + H2O2

CH3CHO + HO2 � CH2CHO + H2O2
CH3CHO + O2 � CH3CO + HO2

CH3CHO + CH3 � CH3CO + CH4
CH3CHO + CH3 � CH2CHO + CH4
CH2CHOH + H � CHCHOH + H2
CH2CHOH + H � CH2CHO + H2
CH2CHOH + O � CH2OH + HCO
CH2CHOH + O � CH2CHO + OH

CH2CHOH + OH � CHCHOH + H2O
CH2CHOH + OH � CH2CHO + H2O

CH2CHOH + O2 � CH2O + HCO + OH
CHCHOH � HCCOH + H

CHCHOH + H � CH2CHO + H
CHCHOH + O � OCHCHO + H

CHCHOH + O2 � HCCOH + HO2
CHCHOH + O2 � OCHCHO + OH

cC2H3O � CH2CHO
cC2H3O � CH2CO + H
cC2H3O � CH3 + CO

CH2CHO � CH2CO + H
CH2CHO � CH3 + CO

CH2CHO + H � CH3 + HCO
CH2CHO + H � CH3CO + H
CH2CHO + H � CH2CO + H2
CH2CHO + O � CH2CO + OH

CH2CHO + OH � CH2CO + H2O
CH2CHO + OH � CH2OH + HCO

CH2CHO + O2 � CH2O + CO + OH
CH2CHO + CH3 � C2H5 + CO + H

CH2CHO + HO2 � CH2O + HCO + OH
CH2CHO + HO2 � CH3CHO + O2
CH2CHO + CH2 � C2H4 + HCO
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CH2CHO + CH � C2H3 + HCO
CH3CO � CH3 + CO

CH2CO + H � CH3CO
CH3CO + H � CH3 + HCO
CH3CO + H � CH2CO + H2
CH3CO + O � CH3 + CO2

CH3CO + O � CH2CO + OH
CH3CO + OH � CH2CO + H2O

CH3CO + CH3OO � CH3 + CO2 + CH3O
CH3CO + CH3 � C2H6 + CO

CH3CO + CH3 � CH2CO + CH4
CH3CO + O2 � CH2O + CO + OH
CH2 + CO(+M) � CH2CO(+M)

CH2CO + H � CH3 + CO
CH2CO + H � HCCO + H2
CH + CH2O � CH2CO + H
CH2CO + O � CO2 + CH2

CH2CO + O � HCCO + OH
CH2CO + OH � CH2OH + CO

CH2CO + OH � CH3 + CO2
CH2CO + OH � HCCO + H2O
CH2CO + CH2(S) � C2H4 + CO

HCCOH + H � HCCO + H2
HCCOH + O � HCCO + OH

HCCOH + OH � HCCO + H2O
CH + CO(+M) � HCCO(+M)

HCCO + H � CH2(S) + CO
HCCO + O � CO + CO + H

HCCO + OH � HCO + HCO
HCCO + OH � C2O + H2O

HCCO + O2 � CO2 + CO + H
HCCO + O2 � CO + CO + OH
HCCO + O2 � HCO + CO + O

HCCO + CH2 � C2H3 + CO
HCCO + CH � C2H2 + CO

HCCO + HCCO � C2H2 + CO + CO
C2O + M � C + CO + M

C2O + H � CH + CO
C2O + O � CO + CO

C2O + OH � CO + CO + H
C2O + O2 � CO + CO + O

C2O + O2 � CO + CO2
C2O + C � CO + C2

OCHCHO(+M) � CO + CO + H2(+M)
OCHCHO + H � CH2O + HCO

OCHCHO + OH � HCO + CO + H2O
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D. Reaction sets

D.6 Nitrogen subset

HNO + H � NO + H2
HNO + O � NO + OH

HNO + OH � NO + H2O
HNO + O2 � HO2 + NO

HNO + HNO � N2O + H2O
HNO + NO2 � HONO + NO
NO + H(+M) � HNO(+M)
NO + O(+M) � NO2(+M)

NO + O(+AR) � NO2(+AR)
NO + OH(+M) � HONO(+M)

NO + HO2 � NO2 + OH
NO2 + H � NO + OH
NO2 + O � NO + O2

NO2 + O(+M) � NO3(+M)
NO2 + OH(+M) � HONO2(+M)

NO2 + HO2 � HONO + O2
NO2 + HO2 � HNO2 + O2
NO2 + H2 � HONO + H
NO2 + H2 � HNO2 + H

NO2 + NO2 � NO + NO + O2
NO2 + NO2 � NO3 + NO

HONO + H � HNO + OH
HONO + H � NO + H2O
HONO + O � NO2 + OH

HONO + OH � NO2 + H2O
HONO + NO2 � HONO2 + NO

HONO + HONO � NO + NO2 + H2O
HNO2(+M) � HONO(+M)

HNO2 + O � NO2 + OH
HNO2 + OH � NO2 + H2O

NO3 + H � NO2 + OH
NO3 + O � NO2 + O2

NO3 + OH � NO2 + HO2
NO3 + HO2 � NO2 + O2 + OH
NO3 + NO2 � NO + NO2 + O2

HONO2 + H � H2 + NO3
HONO2 + H � H2O + NO2

HONO2 + H � OH + HONO
HONO2 + OH � H2O + NO3

N2O(+M) � N2 + O(+M)
N2O + H � N2 + OH
N2O + O � NO + NO
N2O + O � N2 + O2

N2O + OH � N2 + HO2
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N2O + OH � HNO + NO
N2O + NO � NO2 + N2

NH3 + M � NH2 + H + M
NH3 + H � NH2 + H2
NH3 + O � NH2 + OH

NH3 + OH � NH2 + H2O
NH3 + HO2 � NH2 + H2O2

NH2 + H � NH + H2
NH2 + O � HNO + H
NH2 + O � NH + OH

NH2 + OH � NH + H2O
NH2 + HO2 � H2NO + OH

NH2 + HO2 � NH3 + O2
NH2 + O2 � H2NO + O

NH2 + O2 � HNO + OH
NH2 + NH2 � NH3 + NH
NH2 + NH � N2H2 + H
NH2 + NH � NH3 + N

NH2 + HNO � NH3 + NO
NH2 + NO � N2 + H2O

NH2 + NO � NNH + OH
NH2 + HONO � NH3 + NO2

NH2 + NO2 � N2O + H2O
NH2 + NO2 � H2NO + NO

NH + H � N + H2
NH + O � NO + H

NH + OH � HNO + H
NH + OH � N + H2O
NH + O2 � HNO + O
NH + O2 � NO + OH

NH + NH � N2 + H + H
NH + N � N2 + H

NH + NO � N2O + H
NH + NO � N2 + OH

NH + HONO � NH2 + NO2
NH + NO2 � N2O + OH

N + OH � NO + H
N + O2 � NO + O
N + NO � N2 + O
NNH � N2 + H

NNH + H � N2 + H2
NNH + O � N2O + H
NNH + O � N2 + OH

NNH + O � NH + NO
NNH + OH � N2 + H2O
NNH + O2 � N2 + HO2
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NNH + O2 � N2 + H + O2
NNH + NH2 � N2 + NH3
NNH + NO � N2 + HNO

NH2 + NH2 � N2H4
N2H4 + H � N2H3 + H2

N2H4 + O � NH2OH + NH
N2H4 + O � N2H3 + OH

N2H4 + OH � N2H3 + H2O
N2H4 + NH2 � N2H3 + NH3

N2H3 � N2H2 + H
NH2 + NH2 � N2H3 + H
N2H3 + H � N2H2 + H2
N2H3 + O � N2H2 + OH

N2H3 + O � NH2 + HNO
N2H3 + O � NH2 + NO + H
N2H3 + OH � N2H2 + H2O

N2H3 + OH � H2NN + H2O
N2H3 + OH � NH3 + HNO
N2H3 + HO2 � N2H2 + H2O2

N2H3 + HO2 � N2H4 + O2
N2H3 + NH2 � N2H2 + NH3

N2H3 + NH2 � H2NN + NH3
N2H3 + NH � N2H2 + NH2

N2H2 + M � NNH + H + M
N2H2 + H � NNH + H2
N2H2 + O � NNH + OH
N2H2 + O � NH2 + NO

N2H2 + OH � NNH + H2O
N2H2 + NH2 � NNH + NH3
N2H2 + NH � NNH + NH2
N2H2 + NO � N2O + NH2
NH2 + NH2 � H2NN + H2

H2NN � NNH + H
H2NN + H � NNH + H2
H2NN + H � N2H2 + H

H2NN + O � NNH + OH
H2NN + O � NH2 + NO

H2NN + OH � NNH + H2O
H2NN + OH � NH2 + NO + H

H2NN + HO2 � NH2 + NO + OH
H2NN + HO2 � NNH + H2O2

H2NN + O2 � NH2 + NO2
H2NN + NH2 � NNH + NH3
H2NO + M � HNO + H + M

H2NO + M � HNOH + M
H2NO + H � HNO + H2
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H2NO + H � NH2 + OH
H2NO + O � HNO + OH

H2NO + OH � HNO + H2O
H2NO + HO2 � HNO + H2O2

H2NO + O2 � HNO + HO2
H2NO + NH2 � HNO + NH3
H2NO + NO � HNO + HNO

H2NO + NO2 � HONO + HNO
HNOH + M � HNO + H + M

HNOH + H � NH2 + OH
HNOH + H � HNO + H2
HNOH + O � HNO + OH

HNOH + OH � HNO + H2O
HNOH + HO2 � HNO + H2O2
HNOH + HO2 � NH2OH + O2

HNOH + O2 � HNO + HO2
HNOH + NH2 � N2H3 + OH

HNOH + NH2 � H2NN + H2O
HNOH + NH2 � NH3 + HNO

HNOH + NO2 � HONO + HNO
HCN + M � H + CN + M
HCN + N2 � H + CN + N2

HCN + M � HNC + M
CN + H2 � HCN + H
HCN + O � NCO + H
HCN + O � CN + OH
HCN + O � NH + CO

HCN + OH � CN + H2O
HCN + OH � HOCN + H
HCN + OH � HNCO + H
HCN + OH � NH2 + CO
HCN + O2 � CN + HO2

HCN + CN � NCCN + H
HNC + H � HCN + H
HNC + O � NH + CO

HNC + OH � HNCO + H
HNC + CN � NCCN + H

CN + O � CO + N
CN + OH � NCO + H
CN + O2 � NCO + O
CN + O2 � NO + CO

CN + NO � NCO + N
CN + NO2 � NCO + NO
CN + NO2 � CO + N2O
CN + NO2 � N2 + CO2

CN + HNO � HCN + NO
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CN + HONO � HCN + NO2
CN + N2O � NCN + NO

CN + HNCO � HCN + NCO
CN + NCO � NCN + CO

HNCO + M � CO + NH + M
HNCO + H � NH2 + CO
HNCO + H � NCO + H2
HNCO + O � NCO + OH
HNCO + O � NH + CO2
HNCO + O � HNO + CO

HNCO + OH � NCO + H2O
HNCO + HO2 � NCO + H2O2

HNCO + O2 � HNO + CO2
HNCO + NH � NH2 + NCO

HOCN + H � HNCO + H
HOCN + H � NH2 + CO
HOCN + H � H2 + NCO
HOCN + O � OH + NCO

HOCN + OH � H2O + NCO
HOCN + NH2 � NCO + NH3

HCNO � HCN + O
HCNO + H � HCN + OH
HCNO + O � HCO + NO

HCNO + OH � CH2O + NO
HCNO + O � NCO + OH

HCNO + OH � NO + CO + H2
HCNO + OH � NCO + H + OH

HCNO + OH � NCO + H2O
HCNO + OH � HCO + HNO
HCNO + CN � HCN + NCO

NCO + M � N + CO + M
NCO + H � CO + NH
NCO + O � NO + CO

NCO + OH � HON + CO
NCO + OH � H + CO + NO
NCO + HO2 � HNCO + O2

NCO + O2 � NO + CO2
NCO + NO � N2O + CO
NCO + NO � N2 + CO2

NCO + NO2 � CO + NO + NO
NCO + NO2 � CO2 + N2O

NCO + HNO � HNCO + NO
NCO + HONO � HNCO + NO2

NCO + NH3 � HNCO + NH2
NCO + N � N2 + CO

NCO + NCO � CO + CO + N2
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D. Reaction sets

D.7 CxHy interactions with Nitrogen

CO + NO2 � NO + CO2
CO + N2O � N2 + CO2

HOCO + NO � CO + HONO
CH2O + NO2 � HONO + HCO
CH2O + NO2 � HNO2 + HCO

HCO + NO � HNO + CO
HCO + NO2 � NO + CO2 + H
HCO + NO2 � HONO + CO

HCO + NO2 � NO + CO + OH
HCO + HNO � NO + CH2O
CH4 + NO2 � HONO + CH3
CH4 + NO2 � HNO2 + CH3

CH3 + NO(+M) � CH3NO(+M)
CH3 + NO2 � CH3O + NO
CH3 + HNO � NO + CH4

CH3OH + NO2 � HONO + CH2OH
CH3OH + NO2 � HNO2 + CH2OH

CH3O + NO � HNO + CH2O
CH3O + NO(+M) � CH3ONO(+M)

CH3O + NO2 � HONO + CH2O
CH3O + NO2(+M) � CH3ONO2(+M)

CH3O + HNO � NO + CH3OH
CH2OH + NO � CH2O + HNO

CH2OH + NO2 � HONO + CH2O
CH2OH + HNO � NO + CH3OH

CH3OO + NO � NO2 + CH3O
C2H6 + NO2 � HONO + C2H5
C2H6 + NO2 � HNO2 + C2H5

C2H5 + NO2 � CH3CH2O + NO
C2H4 + NO2 � C2H3 + HONO
C2H4 + NO2 � C2H3 + HNO2
C2H3 + NO � C2H2 + HNO

C2H3 + NO2 � CH2CHO + NO
CH3CH2O + NO � CH3CHO + HNO

CH3CH2O + NO(+M) � CH3CH2ONO(+M)
CH3CH2O + NO2 � CH3CHO + HONO

CH3CH2O + NO2(+M) � CH3CH2ONO2(+M)
CH2CHO + NO2 � CH2CO + HONO
CH2CHO + NO2 � CHOCH2O + NO

CH2CHO + NO2 � CHOCH2NO2
CH3CO + NO2 � CH3 + CO2 + NO

CH2CH2OH + NO2 � CH2O + CH2OH + NO
CH3NO2(+M) � CH3 + NO2(+M)

CH3NO2 + H � CH3 + HONO
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CH3NO2 + H � CH3NO + OH
CH3NO2 + H � CH2NO2 + H2
CH3NO2 + O � CH2NO2 + OH

CH3NO2 + O2 � CH2NO2 + HO2
CH3NO2 + OH � CH3OH + NO2
CH3NO2 + OH � CH2NO2 + H2O

CH3NO2 + HO2 � CH2NO2 + H2O2
CH3NO2 + CH3 � CH2NO2 + CH4

CH3NO2 + CH3O � CH2NO2 + CH3OH
CH3NO2 + NO2 � CH2NO2 + HONO

CH2NO2 � CH2O + NO
CH2NO2 + H � CH3 + NO2

CH2NO2 + O � CH2O + NO2
CH2NO2 + OH � CH2OH + NO2
CH2NO2 + OH � CH2O + HONO

CH3ONO + H � CH3OH + NO
CH3ONO + H � CH2O + H2 + NO

CH3ONO + O � CH3O + NO2
CH3ONO + OH � CH3OH + NO2
CH3ONO2 + H � CH3O + HONO

CH3ONO2 + O � CH3O + NO3
CH3ONO2 + OH � CH3O + HONO2

CO2 + N � NO + CO
CO2 + CN � NCO + CO

CH2O + CN � HCO + HCN
CH2O + NCO � HNCO + HCO

HCO + NCO � HNCO + CO
CH4 + NH2 � CH3 + NH3
CH4 + CN � CH3 + HCN

CH4 + NCO � CH3 + HNCO
CH3 + NH2 � CH3NH2

CH3 + NH2 � CH2NH2 + H
CH3 + NH2 � CH3NH + H
CH3 + NH2 � CH2NH + H2

CH3 + NH2 � CH4 + NH
CH4 + NH � CH3 + NH2
CH3 + NH2 � CH2 + NH3
CH3 + NH � CH2NH + H

CH3 + NH � N + CH4
CH3 + N � H2CN + H

CH3 + N2H2 � NNH + CH4
CH3 + H2NN � CH4 + NNH
CH3 + N2H4 � N2H3 + CH4
CH3 + N2H3 � N2H2 + CH4

CH3 + N2H3 � H2NN + CH4
CH3 + NO � HCN + H2O
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CH3 + NO � H2CN + OH
CH3 + H2NO � CH3O + NH2
CH3 + H2NO � CH4 + HNO

CH3 + CN � CH2CN + H
CH3 + HOCN � CH3CN + OH

CH2 + N � HCN + H
CH2 + NO � HCNO + H
CH2 + NO � HCN + OH

CH2 + NO2 � CH2O + NO
CH2 + N2 � HCN + NH

CH2(S) + NO � HCN + OH
CH2(S) + NO � CH2 + NO

CH2(S) + N2O � CH2O + N2
CH2(S) + NH3 � CH2NH2 + H
CH2(S) + HCN � CH2CN + H
CH + NH3 � H2CN + H + H

CH + N � CN + H
CH + NO � CO + NH
CH + NO � NCO + H
CH + NO � HCN + O
CH + NO � CN + OH
CH + NO � HCO + N

CH + NO2 � HCO + NO
CH + N2O � HCN + NO

CH + N2 � NCN + H
C + NO � CN + O
C + NO � CO + N

C + N2O � CN + NO
C + N2 � CN + N
CN + N � C + N2

C2H6 + NH2 � C2H5 + NH3
C2H6 + CN � C2H5 + HCN

C2H6 + NCO � C2H5 + HNCO
C2H5 + N � C2H4 + NH

C2H5 + N � CH3 + H2CN
C2H4 + NH2 � C2H3 + NH3

C2H4 + CN � CH2CHCN + H
C2H3 + NO � HCN + CH2O

C2H2 + NH2 � NH2C2H2
C2H2 + NCO � HCCO + HCN

C2H2 + CN � C2HCN + H
C2H + NH3 � C2H2 + NH2
C2H + NO � HCN + CO

C2 + NO � C2O + N
C2 + NO � CCN + O
C2 + N2 � CN + CN
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HCCO + N � HCN + CO
HCCO + NO � HCNO + CO
HCCO + NO � HCN + CO2

HCCO + NO2 � HCNO + CO2
C2O + NO � CO + NCO

C2O + NO2 � CO2 + NCO
H2CCCH + N � HCN + C2H2

NCN + H � HCN + N
NCN + O � CN + NO

NCN + OH � HCN + NO
NCN + O2 � NO + NCO

CH3NH2 + M � CHNH2 + H2 + M
CH3NH2 + M � CH2NH + H2 + M
CH3NH2 + M � CH3N + H2 + M

CH3NH2 + H � CH2NH2 + H2
CH3NH2 + H � CH3NH + H2

CH3NH2 + O � CH2NH2 + OH
CH3NH2 + O � CH3NH + OH

CH3NH2 + OH � CH2NH2 + H2O
CH3NH2 + OH � CH3NH + H2O

CH3NH2 + CH3 � CH2NH2 + CH4
CH3NH2 + CH3 � CH3NH + CH4
CH3NH2 + NH2 � CH2NH2 + NH3
CH3NH2 + NH2 � CH3NH + NH3

CH2NH2 � CH2NH + H
CH2NH2 + H � CH2NH + H2
CH2NH2 + O � CH2O + NH2

CH2NH2 + O � CH2NH + OH
CH2NH2 + OH � CH2OH + NH2
CH2NH2 + OH � CH2NH + H2O
CH2NH2 + O2 � NH2CH2O + O
CH2NH2 + O2 � CH2NH + HO2
CH2NH2 + CH3 � C2H5 + NH2

CH2NH2 + CH3 � CH2NH + CH4
CH3NH � CH2NH + H

CH3NH + H � CH2NH + H2
CH3NH + O � CH2NH + OH

CH3NH + OH � CH2NH + H2O
CH3NH + CH3 � CH2NH + CH4

CH2NH + H � H2CN + H2
CH2NH + H � HCNH + H2
CH2NH + O � H2CN + OH

CH2NH + O � HCNH + OH
CH2NH + O � CH2O + NH

CH2NH + OH � H2CN + H2O
CH2NH + OH � HCNH + H2O
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CH2NH + CH3 � H2CN + CH4
CH2NH + CH3 � HCNH + CH4
CH2NH + NH2 � H2CN + NH3

CH2NH + NH2 � HCNH + NH3
H2CN � HCN + H

H2CN + H � HCN + H2
H2CN + O � HCN + OH

H2CN + OH � HCN + H2O
H2CN + O2 � CH2O + NO

H2CN + NH2 � HCN + NH3
H2CN + N � CH2 + N2

HCNH � HCN + H
HCNH + H � H2CN + H
HCNH + H � HCN + H2
HCNH + O � HNCO + H
HCNH + O � HCN + OH

HCNH + OH � HCN + H2O
HCNH + CH3 � HCN + CH4
CH3CN + H � HCN + CH3
CH3CN + H � CH2CN + H2
CH3CN + O � NCO + CH3

CH3CN + OH � CH2CN + H2O
CH2CN + O � CH2O + CN

CH2OH + CN � CH2CN + OH

D.8 Sulfur subset
H2S + M � S + H2 + M

H2S + H � SH + H2
H2S + O � SH + OH

H2S + OH � SH + H2O
H2S + S � SH + SH
H2S + S � HS2 + H
S + H2 � SH + H
SH + O � H + SO

SH + OH � S + H2O
SH + HO2 � HSO + OH

SH + O2 � HSO + O
S + OH � H + SO
S + O2 � SO + O

SH + SH � S2 + H2
SH + S � S2 + H

S2 + M � S + S + M
S2 + H + M � HS2 + M

S2 + O � SO + S
HS2 + H � S2 + H2
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D. Reaction sets

HS2 + O � S2 + OH
HS2 + OH � S2 + H2O

HS2 + S � S2 + SH
HS2 + H + M � H2S2 + M

H2S2 + H � HS2 + H2
H2S2 + O � HS2 + OH

H2S2 + OH � HS2 + H2O
H2S2 + S � HS2 + SH
SO3 + H � HOSO + O

SO + O(+M) � SO2(+M)
SO2 + OH � HOSO + O

SO2 ∗+M � SO2 + M
SO2 ∗+SO2 � SO3 + SO

SO + M � S + O + M
SO + OH(+M) � HOSO(+M)

SO + O2 � SO2 + O
HSO + H � HSOH

HSO + H � SH + OH
HSO + H � S + H2O

HSO + H � H2SO
HSO + H � H2S + O
HSO + H � SO + H2

HSO + O + M � HSO2 + M
HSO + O � SO2 + H

HSO + O + M � HOSO + M
HSO + O � O + HOS
HSO + O � OH + SO

HSO + OH � HOSHO
HSO + OH � HOSO + H
HSO + OH � SO + H2O
HSO + O2 � SO2 + OH

HSOH � SH + OH
HSOH � S + H2O
HSOH � H2S + O
H2SO � H2S + O

HOSO(+M) � HSO2(+M)
HOSO + M � O + HOS + M
HOSO + OH � SO2 + H2O
HSO2 + OH � SO2 + H2O

HOSO2 � HOSO + O
HOSO2 � SO3 + H

HOSO2 + H � SO2 + H2O
HOSO2 + O � SO3 + OH

HOSO2 + OH � SO3 + H2O
HOSO2 + O2 � HO2 + SO3

HOSHO � HOSO + H
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D. Reaction sets

HOSHO � SO + H2O
HOSHO + H � HOSO + H2
HOSHO + O � HOSO + OH

HOSHO + OH � HOSO + H2O
H + SO2(+M) � HSO2(+M)
H + SO2(+M) � HOSO(+M)

H + SO2(+M) � OH + SO(+M)
HOSO + O2 � SO2 + HO2

HOSO + H � SO(S) + H2O
HOSO + H � SO2 + H2

SO2 + O(+M) � SO3(+M)
SO2 + O(+N2) � SO3(+N2)

SO3 + H � SO2 + OH
SO3 + O � SO2 + O2

SO3 + OH � SO2 + HO2
SO2 + OH(+M) � HOSO2(+M)

HSO + M � SO + H + M
SO2 + S � SO + SO

SO3 + SO � SO2 + SO2
HSO2 + H � SO2 + H2

HSO2 + O2 � HO2 + SO2
SO + HO2 � SO2 + OH
SO(S) + M � SO + M
SO(S) + O2 � SO2 + O
SO2 + CO � SO + CO2

CO + SO � CO2 + S
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