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Abstract

This project studies the formation of NOx in a solid fuel Chemical-Looping Combustion system.
The study was performed in a lab scale fluidized bed reactor, where oxidizing, inert and
reducing conditions have been altered in cycles at 850, 900 and 950°C. Two types of oxygen
carrier were used, a synthesized iron oxide and an ilmenite ore. Two settings for the volume
fraction of steam in the fluidizing gas were used, 33% and 50% respectively. The CO, CO2, CHs
and NOx concentrations were analyzed continuously and NH3 concentration was measured
separately, as the average of three cycles. Concentration profiles, instantaneous, cumulative
and total conversion as well as rates of formation were measured and calculated. Lower
conversion to NOx and CO; are observed with ilmenite than with Fe>O3 for all temperatures
and volume fractions of steam, while ilmenite shows a higher conversion to CO. Conversion to
CO is increased with the volume fraction of steam for both oxygen carriers. For Fez03, the
conversion to NOx also increases with the volume fraction of steam, while the opposite
behavior is observed for the conversion to NOx when ilmenite is used. Higher rates of
(CO+CO2+CH4) and NOx formation are observed at higher volume fractions of steam for both
oxygen carriers. Rates of (CO+CO2+CH4) and NOx formation increase with temperature when
ilmenite is used, for both volume fractions of steam. This is also true for Fe;03 at lower
temperatures. In general, there appear to be a larger difference between the two oxygen
carriers than the differences in volume fraction of steam, concerning conversion to NOx.
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1. Introduction

As the development of the global society proceeds, the effect of climate change from fossil fuel
usage is becoming one of the most alarming problems to solve. When burning oil, gas, coke
and other fossil hydrocarbons large amounts of green house gases (GHG) are produced, where
carbon dioxide (COz) contributes the most to the global warming (Olajire, 2010; Pires, Martins,
Alvim-Ferraz, & Simdes, 2011). Switching from combustion of fossil fuels to techniques based
on renewable energy sources will prevent further COz emissions and therefore reduce the
green house effect (Fu & Gundersen, 2012). Solar power, wind and hydropower as well as
biofuels are commonly used renewable energy sources. Biofuels are refined, virgin or waste
material used as fuel in combustion processes for heat and electricity production. The origin of
the biofuel differs depending on the geographical location and may vary from methanol
produced from bio crops, to waste material from the paper industry and sewage from
agriculture and municipalities (Ragauskas et al., 2006; Rulkens, 2008).

However contributing to increased CO; emissions, it is likely that fossil fuels will be the
dominant source of energy, until other energy sources are reliable, cheaper and have the
capacity to fully meet the energy demand (Wall, 2007). To cope with the CO; emissions,
techniques are being developed to separate CO; before or during the combustion of various
fuels, transport and finally store the compressed gas. These techniques are called Carbon
Capture and Storage (CCS) and have primarily been under development during the last decade
(Gibbins & Chalmers, 2008; Wall, 2007).

Chemical Looping Combustion (CLC) has emerged as one of the most promising methods for
obtaining pure COzin the flue gas. While other techniques have to pay an energy penalty for
gas separation in order to obtain pure CO2, CLC can maintain a high total efficiency as no extra
separation is required (Lyngfelt, Leckner, & Mattisson, 2001). Another advantage with the CLC
technique is that nitrogen from the air is not present during the fuel conversion. This means
that when a nitrogen free fuel such as syngas (CO and H:) is used, no formation of nitrogen
oxides (NOx) exists. However, when utilizing solid fuels containing nitrogen compounds, some
NOx formation is inevitable (T. Song et al., 2012). Studies have been made measuring the type
and amount of NOx species from testes simulating the nitrogen content of the fuel by addition
of external nitrogen sources such as ammonia (Neumann, 2014). Still, there are very limited
studies where commercial solid fuels containing nitrogen have been analyzed. To adapt the
knowledge achieved in lab bench scales to information useful for the power industry, using a
commercial type of fuel is a crucial step.

Department of Energy and Materials
Chalmers University of Technology
Gothenburg, Sweden 2015 1
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Coal is one of the most abundant and used fuels, with an estimated annual use of about 5000
billion metric tons corresponding to 25% of the global energy consumption (year 2000)
(Chow, Kopp, & Portney, 2003). It is therefore clear that the CLC system must be adapted to
this kind of fuel.

The nitrogen content in coal is generally between 0.4 and 1.6 wt% (Liu, Feng, Lu, & Zheng,
2005). To understand the fate of this nitrogen, studies analyzing flue gas products from the CLC
system are required. Also, what type of compounds the nitrogen forms is important, to
determine if they need to be separated and what techniques to utilize. With knowledge about
the mechanisms behind the formation of nitrogen containing compounds it is possible to
further investigate ways to reduce reactions with the nitrogen. These questions are necessary
to answer, to take the CLC method the last step towards commercial use. By doing so, the
technology has a great potential to contribute to decrease CO2 emissions and thereby stop the
increase in temperature, which is of great concern to the global society.

Department of Energy and Materials
Chalmers University of Technology
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2. Scope of the study

In this project, the NOx formation from fuel bound nitrogen is analyzed in a bench scale CLC
system. Two different oxygen carriers (ilmenite and Fe;03 on Mg-ZrO2) are tested with one
solid fuel, at different volume fractions of steam and working temperatures.

During the project, the kind of nitrogen species that are formed during the fuel conversion will
be analyzed. Furthermore, the rate of NOx formation will be calculated. How the results differ
between the two oxygen carrier materials, different temperatures and volume fractions of
steam is also important to analyze and discuss.

Department of Energy and Materials
Chalmers University of Technology
Gothenburg, Sweden 2015 3
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3. Background

In this chapter, a background is presented. As a start, different techniques used to capture
carbon in the form of CO; are presented, ending of with the CLC concept. A more detailed
section about the oxygen carrier follows, listing compounds used in CLC. Different fuels and the
advantages and challenges they present with a focus on nitrogen content are discussed, as this
is highly relevant for the study. The formation of NOx is also of great importance, what reaction
steps and mechanisms that are possible and how much of the fuel bound nitrogen that
theoretically might be converted to nitrogen gas and nitrogen containing compounds.

3.1 Carbon Capture Techniques
There are several combustion techniques which either directly include separation and capture
of CO; or are compatible with external CCS systems.

In Post-Combustion Capture (PCC), CO2 in the flue gas from the combustion chamber is
absorbed by chemical agents in a solution, such as monoethanolamine (MEA) or
methyldiethanolamine (MDEA). By heating up the solution, CO? is regenerated and extracted.
In addition to the energy penalty, large equipment and considerable volumes of required
solvents, large water consumption and emissions from solvent recovery are disadvantages
within PCC (Haszeldine, 2009; Wall, 2007).

Pre-combustion capture or Integrated Gasification Combined Circle (IGCC) is a method where
the fuel is converted into syngas before combustion. The carbon monoxide is then converted to
COz in a water-gas shift process (Fu & Gundersen, 2012). The IGCC technique is proved to work
at an annual megaton scale and is currently operating in several projects worldwide.
Presenting a good compatibility with multiple fuels, major disadvantages with the technique is
the high construction and operating cost and decreased short-term flexibility (Haszeldine,
2009).

To obtain a high concentration of CO; in the flue gas and avoid formation of NOx from nitrogen
in the air, OXY-Fuel combustion (OXYF) is a method currently used in pilot projects. As the
name suggests, pure oxygen is used for the combustion rather than air (Olajire, 2010).
However, to control the combustion temperature, a major part of the flue gas (containing CO-
and H20) is recycled to the combustion chamber (Fu & Gundersen, 2012). Advantages are high
CO2 concentrations in the flue gas and the lack of solvents usage. The main disadvantage are
the large required amount of oxygen, which is expensive, energy consuming, as well as high
risk concentrated oxygen pose when mixed with flammable substances (Olajire, 2010).

Department of Energy and Materials
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3.2 Chemical Looping Combustion

To avoid the energy penalty for separation of CO; from Air - 02 CO2 H20(g)
the flue gas, a technique called Chemical Looping
Combustion (CLC) has been developed. Like OXYF, the CLC
method is based on the separation of oxygen from the air,

to be used for combustion of hydrocarbons. With no N:

from the air present, the flue gas will contain only CO: e

@;

and H20 (Lyngfelt et al., 2001). The fuel conversion can Air Fuel
take place at temperatures ranging from 800 up to Reactor Reactor
1200°C, where temperatures around 900°C are often

referred to as suitable for CLC (Hossain & de Lasa, 2008; Me<Or-1

Keller, Arjmand, Leion, & Mattisson, 2014).

—e—
The foundation of the CLC concept is built upon the U

separation of the oxygen from the air, which is done Air Fuel (CaHam)
by a so called oxygen carrier. The oxygen carrier is most Figure 1. Schematic illustration of the CLC
commonly a metal oxide and may be synthetically made process.

material or from a natural mineral (Hossain & de Lasa,

2008).

[llustrated in Figure 1, the oxygen carrier picks up and releases oxygen while circulating from
the oxidizing environment in the air chamber to the reductive environment in the reactor,
where the fuel transformation takes place (Lyngfelt et al.,, 2001). Where the oxidation reaction
of the oxygen carrier always is exothermic the reduction reaction may either be endothermic
or exothermic depending on the characteristics of the fuel and oxygen carrier (Jerndal,
Mattisson, & Lyngfelt, 2006).

The oxygen carrier has two reaction steps, one where it is reduced in the fuel reactor (I) and
one where it is oxidized in the air reactor (II). MexOy is a metal oxide and CyHzm is the
hydrocarbon in the fuel.

(2n + m)Me,Oy, + C,Hzy — (2n + m)Me,Oy_; + mH,0 + nCO, (D

Me,Oy_; + 50, — Me,0, (1D)

Department of Energy and Materials
Chalmers University of Technology
Gothenburg, Sweden 2015 5



CHALMERS

UNIVERSITY OF TECHNOLOGY

CLC is currently tested in several countries in pilot scale projects. Variations in equipment
setup, type of fuel, oxygen carrier, temperature and flow rates are analyzed for facilities from
10 kW up to 1 MW (Berguerand & Lyngfelt, 2009; Proll et al., 2009; Strohle, Orth, & Epple,
2014). Other parameters that differ are how the equipment is run and for what purpose. If the
purpose of the plant is to reform the fuel rather than burning it, methane and other larger
hydrocarbons can catalytically be cracked in to smaller fractions such as CO and Hz. This
technique is called Chemical Looping Reforming (CLR) (Rydén, Lyngfelt, & Mattisson, 2008).

When solid fuels are used in CLC, direct contact between the fuel and the oxygen carrier is not
sufficient for effective fuel conversion. To increase the contact and thereby the reaction rate,
gasification of the fuel is considered an alternative. This method is referred to as in-situ
Gasification CLC (iG-CLC) and is utilized for CLC as well as CLR (Adanez, Abad, Garcia-Labiano,
Gayan, & De Diego, 2012).

Oxygen carrier materials may not only be used in a chemical looping combustion system but is
also used for conventional Circulating Fluidized Bed (CFB) combustion. By even out oxygen
concentration differences in the reactor, the added oxygen carrier increases the energy
efficiency, as well as reduces temperature differences. The concept, called Oxygen Carrier Aided
Combustion (OCAC) has recently been tested in a laboratory setup and shows a lot of potential
to advance fluidized bed combustion (Zhao et al., 2014).

3.3 Oxygen Carriers

The keystone in the CLC process is the oxygen carrier, a metal oxide that transports oxygen
from aerobic, oxidizing conditions in the air reactor to the anaerobic, reducing environment in
the fuel reactor. This circulation enables oxygen to be brought in contact with the fuel without
any presence of nitrogen and thereby preventing formation of NOx during the fuel conversion
(Berguerand & Lyngfelt, 2009).

Though most oxygen carriers are based on a metal oxide, their chemical and physical
properties varies as well as their origin. To ensure good oxygen carrier capacity, the material
should have high reactivity and mechanical strength and a high oxygen transport capacity
(Hossain & de Lasa, 2008; Proll et al, 2009). Some possible materials suitable as oxygen
carriers are F203, CuO, Mn304, CoO and NiO (Adanez et al., 2004; Proll et al., 2009). Oxygen
carriers might be found as natural minerals, rest products from the mining industry or as
synthesized compounds (Leion, Jerndal, et al., 2009). Some oxygen carriers, such as ilmenite,
are both synthesized and found as a mineral (Azis, Jerndal, Leion, Mattisson, & Lyngfelt, 2010).
The oxygen carrier of choice depends to large extent on what fuel that will be used, as some
fuels might agglomerate with a particular type of oxygen carrier (Keller et al., 2014). However,
as for all industrial utilized methods, the economy is the defining factor. An inexpensive oxygen
carrier with a short lifetime may still be more economical favorable than a more sustainable,
expensive material (Azis et al., 2010).

Department of Energy and Materials
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To improve the physical and chemical properties and thereby extend the lifetime of the oxygen
carrier, an inert so called support material may be used. Al>03, SiO2, TiOz, and ZrO; are
materials that oxygen carriers may be combined with (Adanez et al., 2004). When designing
the support material, a ceramic material is commonly used, where mechanical strength, high
surface area, ion conductivity and compatibility with the oxygen carrier material are important
properties (Adanez et al., 2004; Proll et al., 2009).

While the oxygen in ordinary oxygen carriers is bound to the metal oxide and therefore
requires gasification of solid fuels to achieve sufficient contact for the reaction, some oxides
such as CuO relies the oxygen as gaseous Oz. This phenomenon is referred to as Chemical
Looping with Oxygen Uncoupling (CLOU) and is a good alternative for solid fuels as the reaction
rates are increased with up to a factor 3 compared to conventional oxygen carriers (Leion,
Mattisson, & Lyngfelt, 2009).

3.4 Fuel

Until recently, gaseous fuels have been the choice of fuel when analyzing the capacity and
lifetime of oxygen carriers in conventional CLC (Leion, Jerndal, et al., 2009). However, as
conventional combustion techniques utilizes solid fuels like coke, coal and biomaterials,
analysis of these kinds of fuels in CLC setups are of great importance. Combustion of gaseous
fuels with low nitrogen content, such as methane or syngas, limits the NOx formation in the air
free environment (Hossain & de Lasa, 2008). Solid fuels on the other hand contain substances
such as sulfur and nitrogen and is therefore a source of NOx formation (T. Song et al., 2012).
Coal from different parts of the world has been the subject of many studies and the reactions
between oxygen carriers and a range of components found in biofuels have been analyzed
(Keller et al., 2014; Leion, Lyngfelt, & Mattisson, 2009; Leion, Jerndal, et al., 2009).

3.5 Gasification

To create a gas-solid reaction between the solid fuel and oxygen carrier materials without
CLOU properties, gasification of the fuel is required. This is done since solid-solid reactions in
fluidized beds are very slow (Leion, 2008).

The gasification is done by using a gasification agent, such as CO2 or steam (Leion, 2008). In
Reaction (III) and (IV), the reactions between solid fuel and the gasification agents are shown
(Leion, Mattisson, & Lyngfelt, 2008). Note that the fuel is simplified as carbon, C.

C(s) + CO, — 2CO (11D

C(s) + H,0(g) - CO+ H, (1)

Department of Energy and Materials
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By the CO-shift reaction, the oxygen can also be transferred within the gas phase (Reaction V):

CO + H,0(g) —» CO, + H, V)

The gasification products react with the oxygen carrier, according to Reaction (VI) and (VII):
Me,Oy + CO —» Me,Oy_; + CO, (VD)
Me,Oy + H, » Me,O,_; + H,0(g) (VID

3.6 NOx formation

NOx is an umbrella term for nitrogen oxides, commonly nitric oxide (NO) and nitrogen dioxide
(NOz2). Nitrous oxide (N20) is sometimes also included and is then denoted as NyOx. From an
environmental perspective, NO and NO: act as precursors to acidic rain whereas N:0 is a
greenhouse gas (Penthor, Mayer, Pro, & Hofbauer, 2014). Where the formation of N;0 often
can be neglected in many combustion systems, the main contributor to NOx formation is NO
(Glarborg, Jensen, & Johnsson, 2003). Formation of NO in combustion can be derived into three
categories: thermal, prompt and fuel NO.

3.6.1 Thermal NO

Thermal NO is formed when atmospheric nitrogen is oxidized in fuel-lean environments and at
high temperatures. The process, which is highly temperature dependent, is described in
Reaction (VIII to X), by the three reactions in the extended Zeldovich mechanism. As the
thermal NO formation is significantly reduced at temperatures below 1600 - 1800 K, the
Zeldovich reactions do not contribute a lot to the total NO formation, at temperatures used in a
CLC process (Hill & Smoot, 2000).

N,+ O & NO+N (VIII)
N+ 0, ©NO+0 (IX)
N+ OH o NO +H (X)

3.6.2 Prompt NO

The formation of prompt NO occurs in fuel-rich conditions and is initiated by a radical attack of
the CH on the N (Reaction XI and XII). The formed hydrogen cyanide (HCN) is the intermediate
stage in the formation of NO (Y. H. Song, Blair, Siminski, & Bartok, 1981). As Nz is absent in the
fuel reactor of the CLC system and substantial amounts of fuel-nitrogen is present when solid
fuels are used, the prompt NO is a small part of the total NO formation (Hill & Smoot, 2000).

CH + N, < HCN + N (XI)

CH, + N, < HCN + NH (XII)
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3.6.3 Fuel NO

Exept for certain temperature and air/fuel ratios, fuel NO constitutes for more than 80% of the
NO emission (Glarborg et al.,, 2003). The fuel bound nitrogen is divided into two fractions
during the devolatilization of the fuel, volatile nitrogen and char and tar nitrogen, as illustrated
in Figure 2. The devolatilization of the fuel consists of the primary and secondary
devolatilization. During the primary devolatilization, weaker bonds in the solid fuel are broken
and volatile species such as CO;, light aliphatic gases and H;0 are released. The secondary
devolatilization occurs when char and tar formed in the primary devolatilization decomposes.
Carbon oxides, Hy, light aliphatic gases and nitrogen species are formed during this process
(Glarborg et al., 2003).

HCN
+OH
+H
+0,
Carbon;HydrogenNitrogenz.) o deseve M cen el s e
+OH +N
+0,
Volatiles NO
Hz, N2, COx, CxHy, NOX... Tremesesese s s e s n s s et 3
Figure 2. Routes of formation for NOx and other volatile Figure 3. Reaction paths of volatile
species during the primary and secondary devolatilization nitrogen species (Neumann, 2014).

of the solid fuel.

As for the prompt NO, HCN is an intermediate step in the reaction where nitrogen bound in the
fuel is converted to NO. Ammonia (NH3) is another precursor to NO, which is the result of fuel
conversion in fuel-lean regions (Equation XIII). In a fuel-rich environment, HCN or NH3 is
generally reduced to N2 (Equation XIV) (Hill & Smoot, 2000; Penthor et al., 2014). Reaction
paths for HCN and NH3 are shown in Figure 3.

HCN (or) NH; + 0, — NO + [HCO (or) H,0]* (XII)

NO + HCN (or) NH; - N, + [HCO (or) H, + OH]* (XIV)

3.7 Previous work

Several studies have been done in the field of CLC using a solid fuel, (Arjmand, Leion, Lyngfelt,
& Mattisson, 2012; Arjmand, Leion, Mattisson, & Lyngfelt, 2014; Bayham et al., 2013; Keller,
Leion, Mattisson, & Lyngfelt, 2011; Leion, Lyngfelt, et al., 2009; Leion, Mattisson, & Lyngfelt,
2007; Leion, Jerndal, et al., 2009; Xiao, Song, Zhang, Zheng, & Yang, 2009). A number of
different oxygen carriers, types of fuel and testing conditions have been studied, including
different temperatures, flow rates and operation times.

* Variations in combination of species and stoichiometric factors.
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4. Experimental

To answer the questions defined in the scope, a lab scale setup is used with alternating
oxidizing and reducing environments, to mimic the conditions in a CLC unit. Two oxygen
carrier materials are tested with a solid fuel, which is feed into the reactor during reducing
phase. Between reducing and oxidizing phases inert gas is rinsed through the reactor. For tests
with conventional oxygen carrier materials, steam is necessary for the fuel conversion.

4.1 Oxygen carriers

Two oxygen carriers have been studied in this project, a synthesized iron oxide (Fe203 (60%)
and Mg-ZrO2 (40%); VITO, Belgium) and an ilmenite ore (Cruzor, Australia). To achieve stabile
operating performance of the ilmenite, the material is first heat treated, to remove any volatile
material and to make sure the oxygen carrier is fully oxidize. The heat treatment - which also
reduces the number of cycles required for the activation - is performed in an Entech box
furnace at 950°C for 24 hours, in an atmospheric environment. After the heat treatment the
agglomerated oxygen carrier is crushed and sieved to a size range of 125 to 180 pm. This is
then followed by activation of the material in a fluidized-bed reactor of quartz, with the same
dimensions as the reactor used in the test setup. The activation is done by running cycles of
oxidizing, inert and reducing phases until the CO; concentration out from the reactor during
the reductive phase stabilizes. This proves that the oxygen carrier provides a constant amount
of oxygen during each reductive phase, which in this study occurs after 32 cycles. The first
three cycles are performed at a lower temperature (900°C) to avoid agglomeration of the
particles.

The oxidation phase, 10% Oz in N2 with a flow of 900 ml/min, is stopped when the oxygen
concentration out from the reactor equals the concentration in to the reactor. As no more
oxygen reacts with the oxygen carrier, the material is in its most oxidized state. The inert phase
consists of N2 with a flow of 900 ml/min and lasts for 180 seconds. This is followed by 80
seconds of reducing phase, where syngas (50% Hz in CO) at a flow of 450 ml/min is used.

The synthesized iron oxide has a stabile operating performance and needs therefore no
additional heat treatment or activation (Rydén, Cleverstam, Johansson, Lyngfelt, & Mattisson,
2010). The particles are sieved to a size range of 125 to 180 pm before usage.

The oxidized form of the iron oxide is Fe203 and the reduced form is Fe304. For ilmenite, the
suggested oxidized form is [Fe,TiOs + TiOz] and the reduced form is FeTiOs. The reaction steps
are further described by Jerndal (2006) and Leion (2008).

4.2 Fuel

The solid fuel used in this project is a Swedish wood char from Skogens Kol AB, which chemical
composition has been analyzed by BELAB (www.belab.nu). Before usage of the fuel, the
particles have been sieved to a size range of 250 to 355 um in diameter.
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4.3 Experimental setup and procedure

4.3.1 Experimental setup

The test setup shown schematically in Figure 4 is based on the reactor, which is a 880 mm long
fluidized-bed reactor of quartz. The reactor is heated with an Electro Heat (Sweden) oven,
which temperature is measured and controlled by Type-K thermocouples. To analyze the
fluidization of the bed, the differential pressure is measured over the reactor. Inside the
reactor, a perforated plate is used as the bottom part of the fluidization zone, on which the
oxygen carrier is placed. The plate is placed 400 mm from the bottom end of the reactor. The
inner diameters are approximately 8 and 22 mm below and above the perforated plate
respectively. The section of the reactor is where the fluidization takes place and has a length of
400 mm, where around 100 mm is actually used for the fluidization.

To the gas inlet at the bottom of the reactor, pipelines supplying oxidizing, inert and reducing
gas mixtures are connected. The steam generator, which connected to a flow of nitrogen
supplies the reducing gas mixture, is made by running 13.3 ml/h liquid H20 in a steel pipe,
approximately 1200 mm long with an outer diameter of 3.175 mm. The steel pipeline is heated
by heating bands connected to a Eurotherm 24V, 4-20 mA regulator, to a temperature of
approximately 120°C.

N
Sweepinggas (N.) H:0 (/) 6
Outflow, exhaust gas T
2 (CO+CO, +N;+NOx) | 3 5
»| Cooler » Analyzer
7
Y < 4
R |— Input, solid fuel
E
A Y
Cn Ammonia sampler A
—

T / Cooler ;
(0)
R

3

» NOx Analyzer

Inflow, fluidizing gas
(N, + STEAM)

Figure 4. Schematic illustration of the test setup.
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Next to the gas outlet at the top part of the reactor, an inlet vault for the solid fuel feed is
connected. Coupled with the vault is a pipe mixing sweeping gas with the fuel feed, as further
described below. The gas out from the reactor is directed via a cooler, which condenses the
steam fraction in the gas, into a Rosemont NGA 2000 non-dispersive infrared diffraction
(NDIR) analyzer, in which CO2, CO, CH4 and Oz concentrations are measured continuously. A
fraction of the gas out from the reactor is split from the main stream before the cooler and lead
to via an ammonia sampler to a second analyzer. In the Eco Physics CLD 700 EL ht
chemiluminescence NO/NOx analyzer, NO, NO2 and NOx concentrations are measured. The
samples collected in the ammonia sampler are analyzed with ion chromatography in a cation
Dionex ICS-900 apparatus with a Dionex AS-DV automatic sample injector, from which analysis
the NHz concentration is calculated.

4.3.2 Experimental procedure

To mimic the cycling environment in the CLC process, oxidizing and reducing conditions are
altered. During reducing conditions, fluidizing gas consisting of 600 ml/min 50% respective
900 ml/min 33% steam in N is introduced at the bottom of the reactor, while 0.1 gram solid
fuel is added manually from the top. To ensure that the fuel reaches the fluidized bed (see
Section 4.2.1) without getting stuck in the feeding pipe, a flow of 250 ml/min N3 is used to
sweep the fuel into the reactor (2 in Figure 4). The sweeping gas does not enter the fluidization
zone and therefore takes no part in any reaction. For 50% steam, 300 ml/min N is added to
the combustion gases before the inlet of the analyzer to ensure a measurable gas flow through
the apparatus (6 in Figure 4). The reduction is allowed to proceed until the CO; reach a
constant concentration at the detection limit and is then followed by 180 seconds of an inert
phase (900 ml/min N2) to rinse the system. After the inert phase, 900 ml/min synthetic air will
be led through the reactor from below until the oxygen concentration is the same out from the
reactor as in the inlet. This is done to ensure complete oxidation of the OC. To limit the
temperature increase due to the exothermic oxidation reaction, 5% oxygen in nitrogen is used
instead of pure synthetic air (20% Oz in N2) (Leion, Lyngfelt, et al., 2009).

The outflow from the reactor is split, cooled and led to two analyzers which detect NO, NOz and
NOx respective CO2, CO, CH4 and Oz. Before entering the NOx analyzer, the gas flow (4 in Figure
4, 369 ml/min) goes through an ammonia trap, consisting of a low molar sulfuric acid solution
(15.49 g H2S04 in 2L H20) in a cooled on-line container. The amount of ammonium ions
trapped in the solution is separately measured by lon Chromatography (1C), where one mol of
ammonium ions corresponds to one mol of ammonia. For every combination of oxygen carrier,
temperature and volume fraction of steam, a sample of approximately 68 ml H2SO4 solution is
collected, which then is analyzed per three full cycles.
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In Table 1 and 2, the flow rates for every step in the system setup are listed. The flow rates are
the same for oxidizing and inert phases, while reducing phase differs due to the volume
fraction of steam. Types of oxygen carrier, temperature and steam concentration are three
parameters that are altered throughout the study. For each combination, three cycles are
tested.

Table 1. Dry volumetric and molar flow rates for Reducing and Inert/Oxidizing phases, 33% steam.

Reducing Flow rates

Inert and Oxidizing Flow rates

g[1l] 600 [mL/min] 0,000409 [mol/s] g[1] 900 [mL/min] 0,000613 [mol/s]
gql2] 250 [mL/min] 0,00017 [mol/s] g[2] 250 [mL/min] 0,00017 [mol/s]
g[3] 850 [mL/min] 0,000579 [mol/s] g[3] 1150 [mL/min] 0,000783 [mol/s]
q[4] 369* [mL/min] 0,000251 [mol/s] g[4] 369* [mL/min] 0,000251 [mol/s]
q[5] 481 [mL/min] 0,000328 [mol/s] g[5] 781 [mL/min] 0,000532 [mol/s]
gle] O [mL/min] 0 [mol/s] gle] O [mL/min] 0 [mol/s]
q[7] 481 [mL/min] 0,000328 [mol/s] a[7] 781 [mL/min] 0,000532 [mol/s]
Table 2. Dry volumetric and molar flow rates for Reducing and Inert/Oxidizing phases, 50% steam.

Reducing Flow rates Inert and Oxidizing Flow rates

g[1l] 300 [mL/min] 0,000204 [mol/s] g[1] 900 [mL/min] 0,000613 [mol/s]
gl2] 250 [mL/min] 0,00017 [mol/s] g[2] 250 [mL/min] 0,00017 [mol/s]
q[3] 550 [mL/min] 0,000375 [mol/s] g[3] 1150 [mL/min] 0,000783 [mol/s]
ql4] 369* [mL/min] 0,000251 [mol/s] gl4] 369* [mL/min] 0,000251 [mol/s]
q[5] 181 [mL/min] 0,000123 [mol/s] g[5] 781 [mL/min] 0,000532 [mol/s]
gl6] 300 [mL/min] 0,000204 [mol/s] gl6] 300 [mL/min] 0,000204 [mol/s]
ql7] 481 [mL/min] 0,000328 [mol/s] g[7] 1081 [mL/min] 0,000736 [mol/s]
* Set flow rate for the NOx analyzer.
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4.4 Analysis methods and data evaluation

4.4.1 Flow- and concentration measurements

The CO, CO2, CH4 and Oz concentrations of the dry gas out from the reactor are measured by
the analyzer, shown in the schematically illustration of the test setup, 7 in Figure 4. Similarly,
the NOx concentration is measured in the NOx analyzer 8 in Figure 4. To calculate the
concentrations in the reactor (1 in Figure 4), mass balances are made over the system, for the
Analyzer respective the NOx Analyzer. Equation 1 and 2 are used, for CO, COz, CHs and O:
respective NOx:

Ci= Cr* ——x(qa+ Gs) 1
Cl = C4 * (614;—615) (2)
1

where C is the dry concentration [vol.% or ppm] and q is the volumetric flow [ml/min] at each
point in Figure 4. Note that the calculated concentrations are dry concentrations; hence C4 and
Cg are the same.

From the volumetric flow converted into molar flow rates, combined with the concentrations,
rates molar flow rates are calculated. Instantaneous, cumulative and total conversion
(Equation 3 to 8) as well as rates of formation (Equation 9 to 11) are then calculated for CO,
CO2, CH4 and NOx. Note that conversion to CO, CO2, CH4 and NOx is the conversion of carbon or
nitrogen in the fuel, where CO, CO2, CH4 and NOx are formed respectively.

The instantaneous conversion (Equation 3 and 4) is a measurement for how much of the total
carbon or nitrogen content in the fuel that is converted into different carbon or nitrogen
species at a certain time step during the reducing phase:

X, instantaneous,; = e (3)
’ (Nco+ ncoy+ NeHytotal

where X, instantaneousa; is the instantaneous conversion of specie A at time step i [-]. na, is the
amount of specie A at time step i [mol] and (nco+ncoz+ncu4)rotar is the total amount of carbon in
the converted fuel at the last time step [mol]. A is CO, COz or CH4. Each interval is 2 seconds.

. n i
X, instantaneousygy; = ——2%t — (4)
’ (MN-FueDtotal

where X, instantaneousnox; is the instantaneous conversion to NOx at time step i [-]. Nnoxi is the
amount of NOx at time step i [mol] and (nn-ruer)wotar is the total amount of nitrogen in the
converted fuel at the last time step [mol]. Each interval is 2 seconds.
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The cumulative conversion (Equation 5 and 6) is a measurement of the accumulated value of
formed carbon or nitrogen species at time step i, divided by the total amount of carbon or
nitrogen in the fuel:

{ .
X, cumulative,; = Ziz () (5)
’ (nco+ nco,+ Neuydtotal
where X, cumulatives; is the cumulative conversion of specie A at time step i [-]. na; is the
amount of specie A at time step i [mol] and (nco+ncoz+ncu4)rotal is the total amount of carbon in
the converted fuel at the last time step [mol]. A is CO, COz or CH4. Each interval is 2 seconds.

. _ Z§=1(nN0x,i)
X, cumulativeyg,; = ———— (6)
’ (MN-Fuel)total

where X, cumulativenoxi is the cumulative conversion to NOx at time step i [-]. Nwnoxi is the
amount of NOx at time step i [mol] and (nn-Fue)totar is the total amount of nitrogen in the
converted fuel at the last time step[mol]. Each interval is 2 seconds.

The total conversion (Equation 7 and 8) is the cumulative conversion at the last time step
during the reductive phase, when i = iftotal]. The total conversion is a measurement of
accumulated total amount of formed carbon or nitrogen species divided by the total amount of
carbon or nitrogen in the fuel:

i=i[total] .
X, total, = 2isy  (May) (7)

(nco+ nco,+ NcHy ) total

where X, totaly is the total conversion of specie A [-]. na,i is the amount of specie A at time step i
[mol] and (nco+ncoz+ncu4)wota is the total amount of carbon in the converted fuel at the last time
step [mol]. A is CO, COz or CHa. Each interval is 2 seconds.

i=i[total
y [

] .
i=1 (MNox,i) (8)

X, total =
NOx (MN-Fueltotal

where X, totalnox is the total conversion to NOx [-]. nnyoxi is the amount of NOx at time step i
[mol] and (nn-ruel)total is the total amount of nitrogen in the converted fuel at the last time step
[mol]. Each interval is 2 seconds.
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The instantaneous rate of formation (Equation 9) is a measurement of at what rate carbon or
nitrogen species are formed during the fuel conversion. The instantaneous rate of formation is
calculated as the change in amount of formed carbon or nitrogen species over time, divided by
the amount of carbon or nitrogen remaining in the fuel:

. 1 dan
r,instantaneous,; = ————— % —= 9)

NAremaining dt

where r, instantaneous,; is the instantaneous rate of formation of specie A at time step i [1/s],
N4remaining 1S the amount of specie A left in the fuel inside the reactor [mol], dnp is the difference
in amount of mol specie B [mol] and dt is the time step (2 s). A is carbon or nitrogen, B is
(CO+CO2+CH4) or NOx.

The remaining amount of carbon or nitrogen (Equation 10) is the amount of carbon or nitrogen
left in the fuel inside the reactor at a certain time step, corresponding to a certain conversion at
that time step:

.. _ i=i[total]
n,remaininga; = Marotal ~ Qj-1 Np,i (10)
where ng total is the amount of A at the last time step [mol] and ng; is the amount of at time step i
[mol]. A is carbon or nitrogen and B is (CO+C02+CH4) or NOx.

The average rate of formation as a function of carbon conversion is calculated for an interval of
30 and 70% conversion, which is done to focus on the conditions most similar to those in a full
scale CLC system. The first 30% of the carbon conversion is due to volatile compounds in the
fuel, which in a heated, continuous system would not reach the reactor bed. At 70% carbon
conversion, the amount of fuel in the batch fed reactor used in this study is very low, which is
why the rate of formation deviates exponentially. In a continuously fed reactor, the amount of
fuel would be kept at a constant level when operating. The average rate of formation (Equation
11) is a calculation of the average rate of formation of carbon or nitrogen species, divided by
the number of time steps between 30% and 70% carbon conversion:

_ 2%20_3 rinstantaneousg x
<r >A,O.3—0.7 carbon conversion —

(11)

10.3X-0.7X

where <r> is the average rate of formation, X is the carbon conversion [-], r,instantaneous, is
the instantaneous rate of formation of specie A [1/s] and ip3x-0.7x is the number of time steps
between 30 and 70% carbon conversion [-]. A is (CO+CO2+CH4) or NOx. Note that the
conversion and rates of formation are calculated for the reducing phase, on the assumption
that the fraction of non-converted fuel during the reducing phase is the same as for the full
cycle.
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4.4.2 lon Chromatography analysis

For each combination of oxygen carrier, temperature and volume fraction of steam, one sample
of ammonium ions trapped in sulfuric acid solution is collected. The concentrations of
ammonium ions are measured in the lon Chromatography (IC) apparatus using three blank
samples (containing milli-Q water) and four standard solutions. The standard solutions contain
1, 5, 10 and 20 mg ammonium ions per liter. From the concentration and the volume of the
sample, the amount of ammonium ions is calculated, equal to the amount of ammonia. Finally,
the conversion of nitrogen (Equation 12) in the fuel to ammonia is calculated as at the total
amount of formed ammonia, divided by the total amount of nitrogen in the fuel:

(nNH3)total

XnHy =

(12)

(MN-FueDtotal

where Xwynz is the total conversion to ammonia [-], nwu3 wtar is the total amount of formed
ammonia [mol] and ny.Fuel, total is the total amount of nitrogen in the fuel [mol].
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5. Results and Discussion

Concentration profiles, instantaneous, cumulative and total conversion, rate of formation and
average rate of formation are graphically presented and discussed for different combinations
of oxygen carriers, temperatures and volume fractions of steam in Figure 5 to 17. Note that the
results are based on dry flow rates.

5.1 Concentration profiles
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Figure 5A and 5B. Concentration profiles of dry gases out from the reactor, 1 cycle; 33% volume fraction of steam at 950°C.
5A shows ilmenite and 5B shows Fe203. Red is the oxidizing phase, yellow is the inert phase and blue is the reductive phase.

In Figure 5A and 5B, the concentration profiles for dry CO, CO2, CHs, O2 and NOx are displayed
as a function of time for ilmenite and Fe;03 respectively. The temperature is 950°C, with 33%
volume fraction of steam. The first 600 seconds of the cycle constitutes of the oxidizing phase
(marked in red). During the oxidizing phase, the oxygen concentration stabilizes at 5%, which
indicates that the oxygen carrier is fully oxidized, as no more oxygen is consumed. After 600
seconds, the feeding gas is switched to inert phase (marked in yellow), to assure that no gas
containing oxygen is left in the reactor. As the system is switched to reducing phase (marked in
blue) another 180 seconds later, a first peak in concentration appears, as the volatile fraction
of the fuel is converted. This first peak which occurs during the first part of the reducing phase
is almost twice as high for Fe;03 compared to that of ilmenite.
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A second concentration peak corresponding to conversion of the non-volatile fraction of the
fuel occurs roughly 100 seconds after the first peak, for ilmenite. For Fe;0s3, the time until the
second peak occurs is around 200 seconds. This second peak — which is more representative
for a continuously fed reactor, as described in section 4.4.1 - is much closer in magnitude when
comparing the two oxygen carriers, compared to the first peak. The concentration profiles of
CO, COz2 and NOx all show comparable patterns with two peaks, while the increase in
concentration of CHj is limited to the conversion of volatile species in the fuel. In general, the
NOx concentration is slightly higher for Fe»O3 than that of ilmenite. This is even more
substantial for the volatile fraction of the fuel. As the trend is the same for both 33 and 50%
volume fraction of steam, only the case for 33% steam is shown in the report.
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5.2 Instantaneous conversion
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Figure 6A and 6B. Instantaneous conversion during reducing phase at 33% volume fraction of steam, for 850, 900 and 950°C.
6A shows ilmenite and 6B shows Fez03.

0,01 0,003 0,01 - 0,003
A = B =
- 0,002 E - 0,002 E
N _ 5 008 0001 2 8_F0008 7 L0001 2
SRER ’ = 0S8 ! o =
=) E[—l < g =) EFI < g
S 340,006 AE-17 2 2 S 5 510,006 - AE-17 2 &
gox =Z 20T = =
=035 0,001 85 =900 - -0,001 S5
Sao& ZE S9¢& Z g
?C g3 0,004 ) 2% 85 30,004 | RSy
£=283 0,002 5=9 0,002
> 273 5§52 = 2% 52
= ES ez 2 ES Sz
§=9 -0,003 @ s—=3 - -0,003 &
O =0,002 s © =o00zt— WMNM'BH - — s
-0,004 £ - -0,004 £
4 o 4 (=]
(&) (&)
0 -0,005 0 #— -0,005
0 200 400 600 800
- €0 900°C -€0950°C Time [s]
- €02 950°C
-NOx 900°C -NOx 950°C

Figure 7A and 7B. Instantaneous conversion during reducing phase at 50% volume fraction of steam, for 850, 900 and 950°C.
7A shows ilmenite and 7B shows Fe20s.

In Figure 6A and 6B, the instantaneous conversion during the reductive phase to CO, CO2, and
NOx are displayed as a function of time, for ilmenite and Fe;03 respectively. All three
temperatures are shown; 850, 900 and 950°C, at 33% volume fraction of steam. When the
reductive phase starts and the fuel is added to the reactor, conversion of volatile species in the
fuel results in an instantaneous increase in the formation of CO, COz and NOx. Approximately
180 seconds later, the conversion of the non-volatile part of the fuel occurs, which gradually
decreases until the conversion stops after 1000 to 1500 seconds.
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A higher conversion to COz and NOx but lower conversion to CO is observed for Fe;03
compared to that of ilmenite. Also, a higher conversion to NOx is observed at lower
temperatures (850 and 900°C) than at the highest temperature (950°C). This behavior is true
for the first peak corresponding to the volatile fraction of the fuel. For the non-volatile part of
the fuel, the opposite behavior can be seen, as the highest conversion to NOx occurs at higher
temperatures.

In Figure 7A and 7B, the instantaneous conversion to CO, CO2, and NOx are displayed as a
function of time for ilmenite and Fe>03 respectively. All three temperatures are shown; 850,
900 and 950°C, at 50% volume fraction of steam. The fluctuations in the graphs might be due
to instability in the steam feed, which is more evident for the higher volume fraction of steam.
As for the case with a lower volume fraction of steam, higher volume fraction of steam also
shows an initial peak of conversion early in the reducing phase, due to volatile species in the
fuel. An even more distinct difference in magnitude of conversion between the different
temperatures is observed for 50% volume fraction of steam, compared to the same pattern
seen when 33% volume fraction of steam is used.

The degree of instantaneous conversion to both COz and NOx slowly decreases after the first
maximum conversion (due to volatile species) is reached before the second part of the
conversion (due to the non-volatile fraction of the fuel) starts. The degree of instantaneous
conversion to CO quickly drops to a much lower level after that the conversion of volatile
species has stopped; hence a large part of the total conversion to CO corresponds to the
conversion of the volatile fraction of the fuel. Similar to the lower volume fraction of steam, a
higher conversion to COz and NOx but lower conversion to CO for Fe203 compared to that of
ilmenite is observed. Also, a higher conversion to NOx is observed in the first peak at lower
temperatures (850 and 900°C) than that of at the highest temperature (950°C), while the
opposite trend is seen for conversion of the non-volatile part of the fuel.

Department of Energy and Materials
Chalmers University of Technology
Gothenburg, Sweden 2015 21



b s

CHALMERS

UNIVERSITY OF TECHNOLOGY

5.3 Cumulative conversion
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Figure 8A and 8B. Cumulative conversion during reducing phase at 33% volume fraction of steam, for 850, 900 and 950°C.
8A shows ilmenite and 8B shows Fez03.
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Figure 9A and 9B. Cumulative conversion during reducing phase at 50% volume fraction of steam, for 850, 900 and 950°C.
9A shows ilmenite and 9B shows Fe20s.

In Figure 9A and 9B, the cumulative conversion to CO, COz and NOx are displayed for ilmenite
and Fe203 respectively at all three temperatures; 850, 900 and 950°C, with 33% volume
fraction of steam. As observed in Figure 6 and 7, higher conversion to CO2 and NOx are seen for
Fe203 than that of ilmenite. Likewise, the opposite behavior is observed for the conversion to
CO. At the higher volume fractions of steam, higher conversions are seen for both oxygen
carriers at all temperatures. After less than 1/6 of the time, 50% of the total conversion to NOx
is reached for ilmenite, when 33% volume fraction of steam is used. For 50% volume fraction
of steam, 1/4 of the time is required to reach 50% of the total conversion. Slightly more than
1/6 and 1/4 of the time, for 33% and 50% volume fraction of steam respectively, is required to
reach 50% of the total conversion when Fe;03 is used as the oxygen carrier.
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5.4 Total conversion
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Figure 10A and 10B. Total conversion at 33% volume fraction of steam, for 850, 900 and 950°C. 10A shows ilmenite
and 10B shows Fe20s.
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Figure 11A and 11B. Total Conversion at 50% volume fraction of steam, for 850, 900 and 950°C. 11A shows ilmenite
and 11B shows Fe20s.

In Figure 10A and 10B, the total conversion to CO, COz, NOx and NH3 are displayed for ilmenite
and Fe203 respectively at all three temperatures; 850, 900 and 950°C, with 33% volume
fraction of steam. As observed in Figure 6 to 9, the trend of higher conversion to NOx for lower
temperatures is — apart from the conversion to NOx at 900°C - naturally also seen in the total
conversion. The increase in conversion to NOx and decrease in conversion to NHz at 900°C for
Fe;03 are most probably correlated and might be due to errors in the experimental part during
the cycle. Again, a higher conversion to NOx is also observed for Fe;03 than for that of ilmenite.
This is linked to the lower conversion to CO and higher conversion to COz seen for Fe;03 than
for that of ilmenite. As a reducing agent, CO reduces NOx into N, lowering the overall
conversion to NOx. A low amount of CO also means that a larger part of the carbon in the fuel
fully oxidizes to form COz, which is confirmed by the higher conversion to CO>.
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In Figure 11A and 11B, the total conversion to CO, COz, NOx and NH3 are displayed for ilmenite
and Fe203 respectively at all three temperatures; 850, 900 and 950°C, with 50% volume
fraction of steam. As for the lower volume fraction of steam, decreasing conversion to NOx at
higher temperatures is observed for both oxygen carriers. Also, a higher conversion to NOx is
seen for Fe;03 than for that of ilmenite. Compared to the lower volume fraction of steam, the
conversion to NOx for iron oxide is for the higher volume fraction of steam almost twice as high
at lower temperatures. For ilmenite, the conversion to NOx is lower at 50% steam but has the
same order of magnitude as for the lower volume fraction of steam.

The conversion to COz is higher for both oxygen carriers at the higher volume fraction of
steam, while the opposite trend is observed for the conversion to CO. Once again, a higher
conversion to CO and lower conversion to COz is observed for ilmenite than that of Fe;03. The
conversion to NH3z shows a similar pattern to that of CO; lower for Fe;03 than that of ilmenite,
at both volume fractions of steam. The conversion to ammonia follows the magnitude of the
conversion to CO, where higher conversion is observed at the higher volume fraction of steam.
As for 33% volume fraction of steam, the conversion to CO, CO; and NOx is calculated for the
reducing phase only, while the conversion to NH3 is measured over the complete cycle.
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Figure 12A and 12B. Total Conversion at 33% volume fraction of steam, for 850, 900 and 950°C. 12A shows ilmenite
and 12B shows Fe20s3.

1
0,9 A 0,9 B

-— 0,8 — 0,
, @ 0,7
, 2 0,6
) 2Z 05
) 0,4
, : 0,3
, 0,2
0,1

. ; 0 . .

850 900 950 850 900 950

Temperature [C] Temperature [C]
O N2 ONOx  ONHs

]
=

(=]
~

(=)}

wui

S

(== = =]

w

Conversion to
NOx, NH3 (N-basis) [
Conversion to
NOx, NH3 (N-basis) [

(=]
N

o
i

(=]

Figure 13A and 13B. Total Conversion at 50% volume fraction of steam, for 850, 900 and 950°C. 13A shows ilmenite
and 13B shows Fe20s3.

In Figure 12A and 12B, the total conversion to NOx and NH3 are displayed for ilmenite and
Fe203 respectively at all three temperatures; 850, 900 and 950°C, with 33% volume fraction of
steam. The fuel nitrogen which is not converted into NOx or NH3 is calculated as if converted
into N2, where the sum of all nitrogen species equals to 1. The formation of nitrogen increases
with temperature for both oxygen carriers, with similar magnitudes of N, formation. Higher
conversion to NOx is observed for ilmenite than for Fe;03, at all temperatures. However, higher
conversion to NHs is observed for Fe203 than for ilmenite, at all temperatures.

In Figure 13A and 13B, the total conversion to NOx and NH3 are displayed for ilmenite and
Fe;03 respectively at all three temperatures; 850, 900 and 950°C, with 50% volume fraction of
steam. As for 33% volume fraction of steam, the formation of nitrogen increases with
temperature, for both oxygen carriers. On the contrary to 33% volume fraction of steam, lower

conversion to NOx and higher conversion to NH3 are observed for ilmenite than for Fe203, at all
temperatures.
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5.5 Rate of formation
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Figure 14A and 14B. Instantaneous rate of formation during reducing phase, 1 cycle; 33% volume fraction of steam at 950°C.
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Figure 15A and 15B. Instantaneous rate of formation during reducing phase, 1 cycle; 50% volume fraction of steam at 950°C.
15A shows ilmenite and 15B shows Fez0s.

In Figure 14A and 14B the instantaneous rate of formation of (CO+C02+CH4) and NOx is shown
as a function of carbon conversion for ilmenite and Fe;03 respectively. The temperature is
950°C at 33% volume fraction of steam, in reducing phase during one cycle. At 0 to 70% carbon
conversion, two peaks are observed for the rate of (CO+CO2+CH4) and NOx formation. The first
peak, which is higher and more distinct for (CO+C0O2+CH4) than for NOx, is due to the release of
volatile species in the fuel. These volatiles are almost instantly converted, which takes place
during the first 30% of the carbon conversion. The rate of NOx formation in this first peak is
slightly higher for Fe203 than for ilmenite.
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The shift between the first peak of the (CO+CO2+CH4) formation and the first peak of the NOx
formation is most likely due to the rapid formation of reductive gases such as CO during the
early stage of the fuel conversion, which delays the peak of NOx formation. Also, the shift
between the peaks in (CO+C0O2+CH4) and NOx formation may be due to a time delay in the
measurement of the NOx concentration. This delay in time is caused by the ammonia sampler,
as described in earlier studies (Neumann, 2014).

The second peak, which corresponds to the conversion of the non-volatile fraction of the fuel,
shows a comparable pattern for (CO+CO2+CH4) and NOx formation, of similar magnitude. For
ilmenite, the second peak occurs at 50% carbon conversion, while the peak takes place at 65%
carbon conversion for Fe;0s. At a carbon conversion over 80%, the rates of formation
increases exponentially. This behavior is due to the low amount of fuel left in the reactor rather
than an actual increase in rate of formation.

In Figure 15A and 15B the instantaneous rate of formation of (CO+C02+CH4) and NOx is shown
as a function of carbon conversion for ilmenite and Fe;O3 respectively. The temperature is
950°C at 50% volume fraction of steam, in reducing phase during one cycle. Though the rates
of formation can be divided into two parts correlating to conversion of volatile and non-volatile
fractions of the fuel, the clearly definable peaks observed at 33% volume fraction of steam are
less distinct for 50% volume fraction of steam. Where the highest rates of formation at the
lower volume fraction of steam correlates to conversion of volatile species, the highest rate of
formation is observed during the conversion on non-volatiles, for the higher volume fraction of
steam. For Fe203, the rate of NOx formation during the first half of the fuel conversion is much
lower than that of ilmenite, but increases rapidly during the conversion of the non-volatiles to
the highest rate of formation observed during the study. The Rate of NOx formation is
constantly lower than the rate of (CO+CO2+CH4) formation for Fe203. For ilmenite, the rates of
formation are similar at a carbon conversion over 20%.
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5.6 Average rate of formation
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Figure 16A and 16B. Average Instantaneous rate of formation for 30-70% carbon conversion, during reducing phase.
33% volume fraction of steam, for 850, 900 and 950°C. 16A shows ilmenite and 16B shows Fe20s3.
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In Figure 16A and 16B, the average 30-70% rate of formation of (CO+CO2+CH4) and NOx are
displayed for ilmenite and Fe;03 respectively at all three temperatures; 850, 900 and 950°C,
with a 33% volume fraction of steam. As described in section 4.4.1, an average rate of
formation is calculated, for 30 to 70% carbon conversion. The first 30% of the carbon
conversion, due to volatile fractions in the fuel, is subtracted. This is done because of the
absence of volatiles in a continuously fed, heated system, as lighter fractions would vaporize
before the solid fuel enters the reactor bed. Contradictory to this statement is the fact that
nitrogen containing species in the fuel have oxidized, for which reaction oxygen is required. If
the volatile species are not in contact with the oxygen carrier long enough for the reaction to
occur, there must be another source of oxygen. One possible oxygen source is the steam.
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Similarly, the last 30% of the carbon conversion is also excluded. The low amount of fuel left in
the reactor at the end of the reductive phase is not representative for a continuously fed
system, which is why the exponentially increasing rate of formation is subtracted. Even when
disregarding the results correlating to very low and high carbon conversion, the trend of lower
rate of NOx formation for ilmenite than that of Fe;03 is observed, especially at lower
temperatures.

In Figure 17A and 17B, the average 30-70% rate of formation of (CO+CO2+CH4) and NOx are
displayed for ilmenite and Fez03 respectively at all three temperatures; 850, 900 and 950°C,
with a 50% volume fraction of steam. As for the 33% volume fraction of steam, higher rates of
formation are observed at higher temperatures. The higher rate of (CO+CO2+CH4) formation
for Fe203 compared to that of ilmenite is seen also at 50% volume fraction of steam.

For ilmenite, the rates of formation show a much comparable pattern at all three temperatures,
at low and high volume fraction of steam. For Fe;03, the difference between the rates of
(CO+CO2+CH4) and NOx formation is larger for Fe;03 in 50% volume fraction of steam than
when 33% volume fraction of steam is used. As for the lower volume fraction of steam, the rate
of NOx formation follows the same pattern as the rate of (CO+CO2+CH4) formation at lower
temperatures, where the rate of NOx formation is slightly higher than that of (CO+CO2+CH4). At
950°C, the NOx formation takes place at almost the same rate as for 900°C, which indicates that
the increase in rate of NOx formation declines at temperatures over 900°C. This behavior is not
observed for ilmenite, for which the highest rate of NOx formation occurs at the highest
temperature, 950°C.

* * *

From the concentration profiles, instantaneous and total conversion as well as rates of
formation, a clear pattern is observed. When ilmenite is used as oxygen carrier material, the
amount and rate of formed NOx is less than that of Fe203. Why this phenomenon occur might at
first be difficult to understand, as the synthesized iron oxide both has a higher carbon
conversion and rate of CO; formation. As mentioned earlier, an explanation is that the higher
conversion of carbon into CO; results in a lower amount formed CO, which in turns means that
less NOx is be reduced to Na.

However, there might be more reasons why the use of ilmenite results in lesser NOx levels. One
theory is based on the fact that ilmenite to roughly 50% consists of titanium, which has shown
potential to catalyze the reduction of NOx (Nakajiama, 1991). While titanium in previous work
only has been used as a component in the catalyst, the thought of titanium having catalyzing
abilities is not that farfetched, as many other transition metals are known to have these
properties (Augustine & Fu, 2006).

Another observation made is that while carbon species are more rapidly formed during the
conversion of volatile species, the rate of NOx formation at higher carbon conversion is closer
in magnitude to the rate of (CO+CO2+CH4) formation.
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6. Conclusions

While work remains to be done to fully understand the formation of NOx when solid fuel is
used in a Chemical Looping Combustion system, some conclusions can still be made from the
result of this study. Different behaviors are observed for different volume fractions of steam
for the two used oxygen carriers. Below is an attempt to summarize the discussion into short
statements and hypothesis.

e Lower conversion to NOx and CO; is observed for ilmenite than that of Fe20s3. On the
contrary, Fe203 shows a higher conversion to CO than ilmenite. This is true for all
temperatures and volume fractions of steam analyzed in this study.

e Higher conversion to COz at higher volume fraction of steam is observed for both
oxygen carriers at all temperatures than the conversion to CO2 seen at 33% volume

fraction of steam.

e Lower conversion to NOx is observed for ilmenite at higher volume fraction of steam,
compared to the conversion to NOx seen for at the lower volume fraction of steam.

e Higher conversion to NOx is observed for Fe;03 at higher volume fraction of steam,
compared to the conversion to NOx seen at the lower volume fraction of steam.

e 509 of the total carbon conversion is reached faster for ilmenite than that of Fe;0s.

e Higher rates of (CO+CO2+CH4) and NOx formation are observed at higher volume
fractions of steam, for all temperatures analyzed in this study.

e For ilmenite, the rates of (CO+CO2+CH4) and NOx formation are increasing with
temperature at both 33% and 50% volume fraction of steam.

e For Fe;03, the increase in rate of NOx formation is lesser at temperatures over 900°C, at
both 33% and 50% volume fraction of steam.

e In general, there appear to be a larger difference between the two oxygen carriers than
the differences in volume fraction of steam, concerning conversion to NOx.
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7. Future work

There is a need of continued studies within the field of NOx formation in a CLC system using
solid fuel. With a limited time frame for the master thesis work, questions still remain
concerning the ammonia formation and how the chemical composition and behavior of the
oxygen carrier affects the conversion to NOx. Also, practical issues such as improving the
stability of the steam feed into the reactor should be further developed. Summarized below are
the next steps to take in continued studies of NOx formation:

e Study the behavior of other synthesized oxygen carrier materials containing different
combinations of metal oxides and transition metal oxides that has been proved to work
as suitable oxygen carriers, in turns of NOx formation.

e Perform tests at lower and higher volume fractions of steam to further analyze how this
affects the formation of NOx. To do this, a stabile feed of steam into the reactor is
required, which is why the stability of the existing setup should be investigated.
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