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Preface

Over the past few decades, exciting developments have taken place in the field of combus-
tion technology. Pollutant emissions and environmental impact have been reduced greatly
while environmental-friendly waste combustion has been made possible despite the ever-
stringent environmental legislation.

Despite the fact that coal combustion remains a key player in the thermal power market, bio-
mass and waste combustion have risen as promising alternatives. Biomass and waste combus-
tion pose several challenges largely due to the considerable variability found in the fuel
properties. A considerable amount of research has been directed towards reducing pollutant
emissions with both experimental and numerical techniques at the epicenter of such efforts.

Other technological trends include combustion of biofuels in reciprocation engines, chemical
looping and catalysis. In parallel with the gradual transition to renewable energy, fluidized
bed boiler and reciprocating engine technology are continuously adapted to conform to new
challenges such as pollutant emission legislation and the introduction of biofuels.

The present edited volume intends to cover recent developments in combustion technology
and to provide a broad perspective of some of the aforementioned challenges that character-
ize the field. The target audience for this book includes engineers involved in combustion
system design, operational planning and maintenance. Manufacturers and combustion tech-
nology researchers will also benefit from the timely and accurate information provided in
this work.

The volume is organized into five main sections, comprising 15 chapters overall:
* Coal and Biofuel Combustion

* Waste Combustion

¢ Combustion and Biofuels in Reciprocating Engines

¢ Chemical Looping and Catalysis

* Fundamental and Emerging Topics in Combustion Technology

The editor is indebted to all the colleagues from across the world who have contributed to
this volume with their latest research, to Jan Skvaril, for joining this effort as co-editor, to
several combustion experts who volunteered as reviewers, as well as to InTech, for giving
me the opportunity to work on this volume and its members of staff for their constant sup-
port during its preparation.

Prof. Konstantinos G. Kyprianidis

Future Energy Center

Department of Energy, Building and Environment
Milardalen University, Vasteras, Sweden

Jan Skvaril
Malardalen University (MDH), Sweden
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Chapter 1

Combustion of Biomass Fuel and Residues: Emissions

Production Perspective

Emilia Hroncova, Juraj Ladomersky, Jan Valicek and

Ladislav Dzurenda

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63793

Abstract

Thisarticle provides possibilities forminimising theemissions fromeighttypesofbiomass
combustion boilers given by virtue of continuous emission measurement. The measure-
ments were carried out on various types of one- or two-stage combustion devices. In all
investigated modes of combustor operation, the concentration of nitrogen oxides in the
whole cycle of fuel combustion was without marked deviations and far lower than the
emission limit of 650 mg/mn®. Concentrations of carbon monoxide (CO) and total organic
carbon (TOC) are extremely variable at some operating schedules of combustion boilers.
The variability of these concentrations indicates that there are unstable aerodynamic
conditionsin the combustion device. The causes of this aerodynamicinstability have been
studied. The mode with stable aerodynamic conditions, for which emission concentra-
tions of CO and TOC are relatively stable, has been determined.

Keywords: biomass, residues, combustion, emission, measurement

1. Introduction

The combustion plants, especially for the wood fuel, wood residues and other biomass
combustion, are often located near residential homes and therefore they are under a direct visual
controlof theinhabitants. The plantstakeaninterestinreducing theirnegativeimpactornegative
impression (of the black smoke) of the inhabitants without a more distinct investment.

Wood represents one of the oldest materials used for heat and energy generation via direct or
indirect burning. As fuel, wood can be evaluated similarly to any other solid fuel in accordance
with the following criteria:

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) g



4 Developments in Combustion Technology

1. chemical composition

2. combustion heat and calorific value
3. volatile matter content

4. ash content

The chemistry of wood combustion is a complex process. In a flame, there are many thermo-
degradation and oxidation reactions accompanied by the formation and interactions of
radicals. However, as a result of these reactions, in the flue gas created during the wood
combustion not only carbon monoxide (CO) and NO, are present but also some other dan-
gerous substances: CO,, H,O, N,, and unreacted surplus O,. Moreover, in the imperfect
oxidation of volatile matter products in the combustion chamber, the flue gas of wood contains
different hydrocarbons, which concentration can be—from the point of view of the emission
standards—expressed as total organic carbon (TOC). Wood contains more hydrogen than any
other fuel which is the reason why significantly more hydrocarbons are created during its
combustion. For this reason, the problem of hydrocarbon emissions from combustion can be
considered to a certain degree as a specific problem related to the wood combustion process.

Other harmful substances, such as, for example, polycyclic aromatic hydrocarbons (PAU), are
not represented in wood structure. Their presence in flue gases is clear evidence of synthetic
reactions in a flame. The original loosely connected cyclic hydrocarbons of wood are loosened
in a flame and they condense at higher temperatures. In different furnaces, these PAU can
reach a significant ratio from the total hydrocarbon emissions in flue gas [1]. Combustion of
wooden waste with chlorine is a particularly serious problem. Such waste comprises residues
of chipwood boards on a urea—formaldehyde (UF) resin basis with a NH,ClI catalyser as well
as surface materials (polyvinyl chloride, PVC). The aforementioned catalyser until recently
was almost the only hardener of UF resins used. In 1 kg of particle board is there from 1 to 3.5
g of Cl. Theoretical calculation leads to chlorine concentration values (or HCI, resp. CI") in flue
gas from 100 to 400 mg/m® [2]. These concentrations significantly exceed present emission
limits.

Fuels with the compound ratio of phenol character and chlorine are the reason for a high
probability of dioxin formation. Theoretically, a very low concentration of chlorine in fuel is
sufficient for the formation of a trace concentration (in ng/m?®) of these toxins. Possible ways
of such formation are suggested by [3].

In order to monitor the quality, optimisation and regulation of the wood combustion process,
the most advantageous way is to use the measurement of CO and NO, concentrations and the
O, content in flue gases [4].

The quality of wood and wood waste combustion in an enclosed combustion chamber depends
on the water content and chemical composition of the wood itself and on combustion param-
eters. Combustion parameters of particular importance include:

* temperature in the combustion chamber,

* manner in which the individual phases of burning are separated,



Combustion of Biomass Fuel and Residues: Emissions Production Perspective 5
http://dx.doi.org/10.5772/63793

* the surplus of air and its distribution into primary, secondary and even tertiary combustion
processes,

* the thoroughness with which flammable gas mixes with air, and

* time (retaining period) during which flammable gas components are mixed with oxygen at
the required reaction temperature (homogeneous oxidation).

The impact of the above-mentioned factors influencing the combustion quality and the harmful
substances formation is detailed in Figure 1.

Equipment capacity ratio

Size and type of the Combustion
combustion space temperature
\ vV
Pressure Combustion quality, Division of the
conditions in the |~ harmful substances and |€ busti )
combustion space their concentration e
Fuel type C(.)mbustlon
equipment type
Fuel humidity

Figure 1. Impact of the factors influencing the combustion quality and the harmful substances formation (ratio of the
equipment capacity in relation to the nominal capacity).

For energy generation from wood and wooden waste, different types of combustion equip-
ment are used, which can be divided into:

* single stage
¢ two stage.

Single-stage combustion equipment can be characterised by one common space for the thermal
decomposition and combustion of formed gaseous flammable products. According to the
construction and characteristics of the burned wood, they can be divided into the combustion
equipment for:

1. combustion of dry wood with humidity of W < 30%, the most suitable here is grate
combustion equipment;
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2. combustion of wet wood with humidity of W > 30%, where combustion equipment with
lower fuel supply and fluid ones are mostly used.

Two-stage combustion plants burning wood and wood waste comprise a preheating firebox
(first stage) and secondary combustion chamber (second stage). The wood is partially broken
down by pyrolysis and gasification in the preheating firebox through oxidation. In the second
stage, the gaseous products from the first stage (primarily carbon monoxide and hydrocar-
bons) are burned with an appropriate surplus of air. The two-stage combustion equipment is
mostly suitable for combustion of dry (W < 30%) pieces of wood and wooden waste or wood
chips.

Experimental combustion tests are highly important for boiler operation regulation optimisa-
tion and accomplishment of the lowest emissions possible from wood and waste [5, 6]. Practical
boiler regulation is varied from manual to various levels of automation and sophisticated
solutions [7]. The boiler regulation demands operation optimisation and also regulation from
the viewpoint of emissions [8].

From the viewpoint of minimising emissions, the request for correct biomass and varied wood
waste (postconsumer wood, medium fibreboard (MDF) bound by UF resin, particleboards
bound by UF resin, particleboards bound by UF resin with lamination coating on the basis of
melamine-urea-formaldehyde resin) in boiler operation is particularly characteristic. Values
of contaminating substance concentrations in waste gases are influenced not only by combus-
tion technique, fuel humidity and calorific value of fuel but also by the method of fuel feeding,
its dimensions, composition, etc. [9, 10]. One problem in minimising emissions is also the high
percentage of volatile combustibles in biomass. In fact, there is no universal wood combustion
device that can be used for every kind of biomass. Wood-based waste processing materials
that have been processed with different types of adhesives, coatings and preservatives are
extremely difficult to recycle as a raw material [11]. The authors of the work [12] spring
harvested corn stover used for direct combustion in a 146-kW dual chamber boiler designed
for wood logs. Combustion trials were conducted with corn stover and wheat straw round
bales in a 176-kW boiler [13].

New combustion plants generating electricity from biomass must comply with best available
techniques (BAT) requirements. Detailed knowledge of the impact of combustion parameters
on the formation of emissions is critical when developing such plants and in efforts to achieve
additional reductions in emissions from existing plants. Emissions are minimised over the long
term by using the lessons learned from monitoring emissions across a broad range of com-
bustion plants fuelled by various types of biomass. This chapter is focused on resolving
problems related to minimising emissions from the combustion of biomass.

The aim of this chapter is to analyse the process of the biomass fuel and residues combustion
and the emission production on the basis of emission measurements during the model
combustion testing, and to propose solutions for minimising the emission of the investigated
combustion plants.

After preliminary evaluation of the structural design of the combustion plant and analyses of
the biomass fuel or residues, it was decided to analyse in detail the process of combustion on
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the observed combustion plants. On the basis of proper measurements and in the context of
the theoretical and practical knowledge of the combustion, we will:

* analyse the time behaviour for emissions from four types of wood boilers,

* specify the causes of the negative influences of operating the combustion plant on polluting
the atmosphere,

* evaluate the possibilities for reducing emissions on the basis of time behaviour hereof and
propose in what ways and means (the proposal of alternative solutions) it would be possible
to co-ordinate outputs of the sources of the air pollution with the requirements of the Air
Quality Act and belonging regulations,

* modify the usual mode of boiler operation, so that considerable reduction of ambient air
burden by emissions is achieved,

* define how as much as possible to reduce the impact of the plant on the neighbouring
residential area with respect to the requirement of the reasonable expenses for the imple-
mentation.

2. Experimental

The results of producing the pollutants were achieved in the different combustion plants of
low and medium capacity when burning various kinds of biomass fuel or residues. The
generalisation of the results will be realised on the basis of comparing the experimental results
with the results of producing the pollutants in the standard wood combustion plants.

2.1. Materials

Cuttings of dry native wood, other biomass and waste from fibreboards, particleboards and
other wood materials were used as fuel. The kind of combusted biomass fuel and residues
during the emission experiments in combustion plants:

* residues of a Sorghum biocolor var saccharatum (L.) Mohlenber,

* residues of dry native wood with lengths up to 0.75 m,

* residues of beech and pine lumber, and cuttings after drying,

* large-surface residues of medium fibreboards (MDFs) bound by the UF resin,

* large-surface material (waste of particleboards bound by the UF resin) with lamination
coating on the basis of melamine-urea-formaldehyde resin (two sorts),

* large-surface residues of particleboard bound by the UF resin with lamination coating on
the basis of the melamine-urea-formaldehyde resin,

* residues of plywood bound by the UF resin,

7
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* crushed briquettes produced from a mixture of waste from particleboards (90%) and natural
wood (10%),

* the two-stage combustion equipment for wood and wood waste combustion comprise a
pre-furnace chamber, where the wood pyrolyses/gasifies by partial oxidation; subsequently,
in the second phase the gaseous products and the carbon monoxide are burned with the
respective air surplus for gaseous fuel. The two-stage combustion equipment is mostly
suitable for combustion of dry (W <30%) pieces of wood and wooden waste or wood chips.

2.2. Methods

Boilers with discontinuous and continuous feeding were monitored. The broader characteristic
of these boilers will be described in this chapter.

There were eight types of boilers used as the subject of research interest:

Boiler 1: a boiler with a stationary horizontal grate with thermal input of approximately 200
kW for heat production for a small manufactory shop. The remains of a Sorghum biocolor var.
saccharatum (L.) Mohlenber shrub had originally been burnt in the boiler. Black smoke and
unmeasurably high concentrations of CO and total organic carbon (TOC) emissions led to a
boiler shutdown. An effort was made to keep this shop in a marginal zone and to verify the
possibility of using another type of fuel with the aim of reducing emissions. An experiment
with combustion of native wood briquettes was realised. During the experiment, manual
briquette feeding was realised once per 60 min.

Boiler 2: a gasifying boiler with a nominal output of 99 kW for combustion of piece rests of dry
native wood residues with lengths up to 0.75 m from furniture production. Feeding of fuel to
the boiler was performed manually. The normal operator's dosage period was 40-60 min.

Boiler 3: a two-stage combustion boiler with manual regulation of primary air. The original
nominal output of the grate boiler was 3.3 t/h of steam with a nominal temperature of 173°C
and operational pressure of 0.75 MPa (2.5 MW). Firewood with a maximum consumption of
500 kg/h was the original nominal fuel capacity of boilers. The original boiler was adapted in
such a way that a primary combustion chamber was added to it and the original combustion
chamber served as a secondary combustion chamber. Types of firewood and waste wood were
as follows:

* Beech and pine waste lumber, and cuttings after drying;
* Large-surface waste of medium fibreboard bound by UF resin;
* Large-surface waste of particleboards bound by UF resin;

* Large-surface material (waste of particleboards bound by the UF resin) with lamination
coating on the basis of melamine-urea-formaldehyde resin.

Boiler 4: an automated warm-water boiler for waste wood combustion with a thermal input
of 318.6 kW. Crushed briquettes produced from a mixture of waste from particle boards (90%)
and natural wood (10%) production were combusted in the warm-water boiler. Particle boards
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were produced on the basis of urea—formaldehyde resins or phenol-formaldehyde resins and
were laminated with melamine resin and ABS foil. Edge-forming bands of polyvinyl chloride
(PVC) were not used.

Boiler 5: a two-stage combustion boiler with capacity of 0.6 MW. In the pre-furnace chamber,
the dosed fuel comes to a slope grid where it is pre-dried. Subsequently, the fuel falls to a
horizontal grate where it is gasified by the substochiometric content of primary oxygen. The
flammable gases formed burn out after mixing with the secondary air in the afterburning
chamber under the boiler. Dosing of the fuel into the boiler can be automated or manual,
therefore it is ideal for studying the operation modes.

Boiler 6: a two-stage combustion boiler with capacity of 4.1 MW with partial recirculation of
flue gas. In the primary combustion chamber, there is a slope grate under which the strictly
regulated primary combustion air is driven. Secondary combustion air and recirculated flue
gas are driven to the entrance to the secondary combustion chamber. The boiler power and
the addition of the combustion air are automatically regulated by variators on the basis of
measurement of actual thermal parameters in different points of the combustion chambers and
pressure.

Boilers 7 (MA 23) and 8 (PU 25) for case study: The object of power, emission and safety
operational testing was hot water boiler MA 23 for gasification of wood logs with nominal heat
output of 23 kW (Figure 2(a)), and hot water boiler PU 25 with automatic feed fuel with nominal
output of 23 kW (Figure 2(b)).

(a) (b)

TUV

TUV Rissinland Groun
Figure 2 (a) Gasification boiler MA 23 and (b) automatic boiler PU 25.

The boilers are equipped with electronic temperature controller and a temperature safety fuse.
Condition of the boiler and of its accessories was tested in accordance with the standardly
supplied technical documentation. During testing, the influence of the conditions of fuel

9
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combustion on emissions was experimentally verified, as well as resistance to thermal
overloading of the boiler and of equipment for removal of excess heat. Spruce wood with a
moisture content of 10% and a calorific value of 15,266 MJ/kg was used as a test fuel, and for
the boiler 25 PU we used pellets with a calorific value of 16.5 MJ/kg [14-17].

2.3. Emission measurements during the wood waste combustion

Measurement of gas emissions was executed in line with standards (STN EN 15058:2007; STN
EN 14789:2006; STN EN 12619:2013; STN ISO 7935:1992).

CO, NO, and O, concentrations were quasicontinual measured with automatic analyser of
furnace gases—ECOM SG-Plus from the RBR COMPUTERTECHNIK (Germany) on electro-
chemical principle and continuously measured with a HORIBA Enda 600 and Pg analyser
(Japan), acting on the physical principle of non-dispersive infrared (NDIR) spectroscopy.

Organic substance emissions expressed as total organic carbon (TOC) were continuously
measured with a BERNATH ATOMIC analyser (Germany), acting on the principle of flame
ionization detector (FID) and ThermoFid analyser.

Calibration gases were delivered came from the delivery of the Linde Gas k.s. Slovakia.

Solid pollutant emissions were measured using a gravimetric method after a representative
isokinetic sample was taken in accordance with STN EN 13284-1. Before the representative
sampling process, at the measuring point, a speed profile of the air mass was measured in the
piping using a Prandtl tube. The representative sample taking process at the measuring point
was executed at several measuring points of the piping cross section. The measuring points
were selected in order to ensure an objective sample taking from the whole piping cross section.

Smoke darkness measurements were conducted according to opacity in the Bacharach scale
with a BRIGON company appliance (Germany).

3. Results and discussion

Model combustion testing and measurements of emissions have analysed the process of
production of pollutants in the process of biomass fuel and residues combustion. The partic-
ularities of various kinds of biomass manifest themselves also through various thermochem-
ical characteristics, affecting the combustion and pyrolysis processes [18, 19]. Many
combustion devices are manually regulated and/or do not have regulation of biomass
combustion parameters in combination with emission values of contaminating substances (°C,
concentrations of CO,, Ccp, Croc and Cyg,). The knowledge of biomass — combustion technique
—combustion conditions—emissions interactions is an essential prerequisite in these cases for
minimising emissions from manually regulated combustion devices.

When combusting the remains of a Sorghum biocolor var. saccharatum (L.) Mohlenber shrub in
boiler 1 with a stationary horizontal grate, we were searching for the causes of low-quality
burning. The remains of the shrub were thin and burned quite rapidly. As a consequence of
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large burning velocity, no complete oxidation of burning products took place. We supposed
for this reason that the CO and TOC emissions were above the measurement ranges of
analysers (10,000 ppm). We have not yet encountered a similar case in professional sources.
Recognition of the causes of high concentrations of CO and TOC in flue gases enables the
identification of solutions to minimise emissions from small boilers that currently are a long
way off from the state of the art.

A reduction of burning velocity can be achieved through addition of native wood briquettes.
Native wood briquettes have a high density (approximately 1.1 kg/dm®) that is incomparably
higher than the density of the shrub (approximately 0.29 kg/dm?®. When combusting native
wood briquettes in this boiler, a marked reduction in black smoke and gaseous contaminating
substances (Figure 3) was achieved. At smaller differences in the biomass density, such marked
differences probably would not have become evident. Results from the combination of
thermogravimetric and differential thermal analysis (TG/TGA) of six species of wood show
that there is no connection between the wood density and the parameters characterising the

burning process [20].

2500

2 000

1 500

0, [%]

CO, TOC [mg.m]

500

Time

Figure 3. Trend in the emissions of CO, TOC and O, during combustion of wood briquettes.

The time behaviour of contaminating substance emissions (in recalculation to reference
oxygen, 11% O,) was monitored within the whole interval, starting with fuel feeding. Mean
values of CO, NO,, TOC and O, concentrations were recorded in 1-min intervals. The time
behaviour of smoke darkness was monitored in 5-min intervals.

Measuring points were located in a vertical duct system behind a waste gas fan.

11
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It can be seen that after briquette feeding, the CO concentration increases sharply. Then, a
stable phase of briquette burning sets in at oxygen contents in waste gases of approximately
9-13%. An emission extreme at a burning time of 35-40 min can indicate unstable aerodynamic
conditions in the furnace, for example, collapse of a uniform fuel layer in the furnace. Moris-
sette et al. [13] measured average emissions of CO, NO, and SO, for burning corn stover 2725,
9.8 and 2.1 mg/m? and average emissions of CO, NO, and SO, for burning round bales 2210,
40.4 and 3.7 mg/m?>. It is interesting that changes in nitrogen oxides were correlated with
changes in oxygen content (Figure 4) [13].
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Figure 4. Trend in the emission of NO, and O, during combustion of wood briquettes.

As emerged from these results, an acceptable solution could be more frequent feeding of a
smaller fuel quantity at shorter intervals. This was confirmed by consequent analysis of the
causes of dark smoke formation in the gasifying boiler with a nominal output of 99 kW. An
experimental laboratory investigation was carried out to study the NO, formation and
reduction by primary measures for five types of biomass (straw, peat, sewage sludge, forest
residues/Grot and wood pellets) and their mixtures in the work [21]. They found that NO,
emission levels were very sensitive to the primary excess air ratio and an optimum value for
primary excess air ratio was seen at about 0.9. Conversion of fuel nitrogen to NO, showed
great dependency on the initial fuel-N content, where the blend with the highest nitrogen
content had lowest conversion rate.

The gasifying boiler 2 with a nominal output of 99 kW often produced dark smoke. A demand
was made to elaborate a proposal of technical-organisational measures for at least partial
elimination of this negative aspect of power-producing use of piece rests of dry native wood
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residues with lengths of up to 0.75 m from the furniture production. The boiler was expected
to fulfil a single emission limit smoke darkness. The boiler operator was asked to periodically
load fuel to the combustion chamber, to check temperature and pressure in the heat exchanger
and to clean the device periodically. However, the regularity of feeding fuel from the viewpoint
of emission minimisation was unknown. It was likewise unknown what the impact on
concentrations of contaminating substances would have been for feeding dry, moist or even
wet wood. The analysis of the time behaviour of emission creation on the basis of quite simple
measurement of smoke darkness with proposed changes in feeding indicated possibilities for
solving the problem of dark smoke creation (Figure 5).
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Figure 5. Trends in time behaviour of smoke darkness (opacity in the Bacharach scale) development from time of feed-
ing of dry native wood residues with lengths of up to 0.75 m in the gasifying boiler.

By virtue of monitoring burning velocity, it can be said that this process is extremely rapid and
thus highly susceptible to the formation of emission maxima. However, only dry native wood
residues with lengths of up to 0.75 m are formed in operation. The combustion without
emission maxima is for this reason possible only upon precise, uniform feeding at short time
intervals.

The adaptation of an original one-stage combustion device with an output of 3.3 t/h of steam
to a two-stage combustion device (boiler 3) did not bring an expected reduction in emissions
when combusting dry fuel. In the first phase, after feeding beech and pine waste lumber and
cuttings after drying into the boiler, black smoke originates even at sufficient oxygen concen-
tration of 11.6%. During this phase, the CO concentration was approximately 30,000 mg/m?,
TOC was approximately 1300 mg/m® and NO, was approximately 92 mg/m®. Dry wood burns
quite rapidly after feeding and after black smoke appeared for several minutes with extremely
high CO and TOC concentrations. These are products of wood tar and non-oxidised carbon.
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When combusting boards bound by UF resin, a slower burning and a smaller emission extreme
are visible in comparison with combustion of beech and pine waste lumber and cuttings after
drying. After combustion of large-surface waste of particleboards bound by UF resin, no
production of dark smoke was observed. When combusting large-surface material (waste of
particleboards bound by UF resin) with lamination coating on the basis of melamine-urea—
formaldehyde resin, the entire burning process took place in a steady phase; this is seen from
the course of CO and TOC concentrations (Table 1).

Time from fueling (min) Oxygen content (%) Concentration (mg/m?)
co TOC NO,

0-2 10.9 331 7 248
2-6 11.1 342 <5 234
6-10 119 292 <5 273
10-14 13.7 59 <5 316
14-18 12.4 263 9 271
18-20 15.3 28 14 312

Table 1. Concentrations of contaminating substances recalculated to oxygen content in waste gases of 11% from the
combustion of particleboards with lamination coating on the basis of melamine-urea—formaldehyde resin.

NM. T °O) Output (%) Oxygen content (%) Concentration (mg/m?3)

co TOC NO,
1 145 60-63 15.34 2312 524 811
2 120 60-65 17.98 3626 781 925
3 132 65-70 17.00 2147 608 1017
4 130 70-75 18.91 4606 354 896
5 131 65-70 18.52 3301 263 985
6 135 70-75 17.49 2598 162 864
7 134 75-80 18.96 6744 298 821
8 136 8081 18.72 3852 251 923

Table 2. Summary of measured average half-hour emission values under conditions set as a standard with primary
and secondary combustion air from boiler 4.

In small furniture shops, the interest in using their own waste, such as particleboards (PB),
fibreboards (FB), or shaped pressed parts, for producing power has been increasing. However,
securing conformity with the legal demands for air quality control is questionable. The study
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of the thermo-degradation processes of adhesives and preservatives has led to useful results
[22-24]. Information on thermodegradation of particleboards impregnated with various
adhesives has been previously published in the works [25-27]. Our previous experiments
under operational conditions showed that the impact of different binders in waste wood on
CO emissions was slightly significant [4]. A similar result was obtained under laboratory
conditions [26]. From a comprehensive analysis of results, it is clear that the thermal data and
calorific value of biomass and biomass waste, in particular industrial wood waste, cannot be
used as a basis for a regulation of the combustion process with the aim of minimising emissions.

The above-mentioned analysis results were also confirmed when examining the impacts of
operational parameters of the automated warm-water boiler 4 on the concentrations of
contaminating substances in waste gases. The results of the measurement of emissions under
conditions of boiler operation set as a standard are given in Table 2.

We then optimised boiler operation precisely for the given kind of fuel. Results of emission
measurements after the optimisation at the boiler output of 100% are given in Table 3.

N.M. Tyt gas (°C)  Output (%) Oxygen content (%)  Concentration (mg/m?)

co TOC NO,

1 152 100 9.22 123 13 521
2 156 100 10.40 133 13 556
3 158 100 10.16 126 12 521

Stability control: average values

4-8 159 100 9.81 97 11 508

Table 3. Summary of measured average half-hour emission values after optimisation of boiler 4's operation.

All of the results of emission measurement analyses under operational conditions show that
waste combustion of particleboards in smaller wood boilers can also be optimised in such a
way that the demands of emission limits are met. It arises hereafter from these results that
modelling results for combustion emissions of industrial waste wood cannot be realised at the
same level as they are for optimal combustion of natural, pure wood [28].

Tables 4-7 show the results of different operation regimes and Tables 8-10 show different
wood waste on two-stage combustion equipment—boiler 5. In Tables 4-10, the humidity
means relative humidity, and harmful substances concentrations represent values calculated
at 11% oxygen content in flue gas. The measured values mean the averages of at least three
half-hour averages of measured concentrations.

The emission characteristics of the two-stage combustion equipment in an automated opera-
tion Table 4 shows that even the commonly available two-stage combustion equipment is not
able to keep the concentrations of harmful substances within the emission limits, which is
proven by the exceeding of the emission limits CO =850 mg/mn?.
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Parameter Unit Measured value
Furnace type Two-stage—pyrolysis pre-furnace
Nominal power 0.6 MW

Operation regime Automated

Fuel type Wood chips (spruce)

Humidity % 40
Fuel consumption kg/h 192
Flue gas

Temperature °C 199
0, % 12.8
Flue gas volume mn®/h 1432

Emissions (at O, = 11%): average values

TZL mg/mn®
CcO mg/mn® 1093
NO, mg/mn’ 366

Notes: *Up to 60 mg/mn® also in experiments with another material, thus they are not stated in further tables.

Table 4. Emission characteristics of two-stage combustion equipment in an automated operation regime: boiler 5.

In further experiments with wood and wood waste combustion, increased attention is paid to
the operation of combustion equipment in a dynamic (not stable) regime. Dynamic states in
operation of the combustion equipment are caused by a discontinuous dosing, or by continu-
ous but not steady fuel dosing as well as by the regulation of incoming air. Emission charac-
teristics measurements of the combustion equipment in a dynamic operation state were
decided purposely due to the fluctuating heat take off from combustion equipment. The
necessity to monitor the emission characteristics during dynamic operation of the combustion
equipment is caused also by the fact that the majority of the fuel combustion processes is the
power regulation. The fuel and air dosing is within the power regulation derived from the
parameters of the heat transfer medium and its production.

Even the two-stage combustion equipment is not able to eliminate the unsteadiness of fuel
dosing. At the jump change of the dosing (loading of the furnace with the fuel), the oxidation
conditions of organic gaseous substances and carbon monoxide become worse. After loading
the fuel, CO concentration immediately grows rapidly (Table 5). At the same time, conditions
for decreased conversion of fuel nitrogen into nitrogen oxides [29] and low concentrations of
nitrogen oxides are created. Probably the second stage of the combustion in this type of
equipment does not meet all the construction requirements in order to achieve a high level of
oxidation of organic gaseous substances. According to our calculations, this fact is caused by
low temperature in the combustion chamber at the second stage (cooled by the boiler) and
because flue gas remains in the chamber for a short time period.
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Parameter

Unit

Measured value

Furnace type
Nominal power
Operation regime
Fuel type
Humidity

Fuel consumption
Flue gas
Temperature

O,

Flue gas volume

Emissions (at O, = 11%)—average values at the time after fuel dosing’

cO
NO

X

Two-stage—pyrolysis pre-furnace

0.6 MW

Manual dosing —once completely filled reservoir above the grate

Wood chips (spruce)
%
kg/h

°C
%
mn®/h

mg/mn’

mg/mn®

49
204

223

1486

27,981
181

Notes: *In initial phase after the fuel metering were measured max. values of CO.

Table 5. Emission characteristics of two-stage combustion equipment when burning wood chips (spruce) and manual
dosage in the initial phase of the fuel dosing: boiler 5.

Parameter

Unit

Measured value

Furnace type
Nominal power
Operation regime
Fuel type
Humidity

Fuel consumption
Flue gas
Temperature

0,

Flue gas volume

Emissions (at O, = 11%)—average values at the time after fuel dosing *

CcO
NO

X

Two-stage—pyrolysis pre-furnace

0.6 MW

Manual dosing—once completely filled reservoir above the grate

Wood chips (spruce)
%
kg/h

°C
%
mn’/h

mg/mn®

mg/mn’

49
204

210
18.3
1486

480
257

Notes: *In the phase before the burn out were measured min. values of CO.

Table 6. Emission characteristics of the two-stage combustion equipment when burning wood chips (spruce) and

manual dosing in the phase before fuel burning out: boiler 5.
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In manual fuel dosing, the last phase before the next dosing is the burn out phase. In this short
phase, there is only the pyrolytic carbon and ashes in the primary combustion chamber. No
gaseous organic substances are formed and CO concentrations are on the lowest level (Table 6).

In Table 7, average values are listed for the operation parameters and emissions during the
whole fuel burning process under manual dosing—from loading until the end of continuous
burning (up to 18% oxygen content in flue gas), immediately before the next fuel dose. When
comparing the results of carbon monoxide and nitrogen oxides emissions measurements
during the automated regime (Table 4) and manual regime (Table 7), it is evident that CO
concentrations are at a higher level with manual dosing, and on the other hand, NO, concen-
trations are higher with automated dosing. The automated dosing regime is stable without
emission extremes of carbon monoxide concentrations. With manual fuel dosing, there are
phases with high concentrations and low production of nitrogen oxides.

Parameter Unit Measured value
Furnace type Two-stage—pyrolysis pre-furnace

Nominal power 0.6 MW

Operation regime Manual dosing —once completely filled reservoir above the grate
Fuel type Wood chips (spruce)

Humidity % 49

Fuel consumption kg/h 204

Flue gas

Temperature °C 218

0, % 11.6

Flue gas volume mn’/h 1486

Emissions (at O, = 11%)—average values at the time after fuel dosing’

CcO mg/mn® 3537
NO, mg/mn® 248
Phenol mg/mn? 6.4%
Formaldehyde mg/mn? 15"

Notes: *Average for the whole phase from dosage to the end of steady burning.

Table 7. Emission characteristics of the two-stage combustion equipment when burning wood chips (spruce) and
manual dosing during the whole fuel burning phase: boiler 5.

In this boiler, very good results of CO concentrations were reached when burning spruce bark
with steady manual dosing (Table 8). Higher nitrogen content in spruce bark (N%f=0.38%) in
comparison to spruce wood (N4*=0.04%) was manifested in higher NO, concentrations.
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Parameter

Unit

Measured value

Furnace type
Nominal power
Operation regime
Fuel type
Humidity

Fuel consumption
Flue gas
Temperature

O,

Flue gas volume

Two-stage—pyrolysis pre-furnace

0.6 MW

Steady manual dosing’
Spruce bark

%

kg/h

°C
%

mn®/h

Emissions (at O, = 11%)—average values in the steady combustion phase

CcO
NO,

mg/mn’

mg/mn®

35
100

211
12.0
1491

202
397

Notes: *In amounts approx. 15 kg each 9 min.

Table 8. Emission characteristics of the two-stage combustion equipment when burning spruce bark and steady

manual dosing: boiler 5.

Parameter

Unit

Measured value

Furnace type
Nominal power
Operation regime
Fuel type
Humidity

Fuel consumption
Flue gas
Temperature

0,

Flue gas volume

Two-stage—pyrolysis pre-furnace

0.6 MW

Steady manual dosing’
Remains from PF plywood
%

kg/h

°C
%

mn®/h

Emissions (at O, = 11%)—average values in the steady combustion phase

cO
NO

X

mg/mn®

mg/mn?

180

224
10.4
1468

11

382

Notes: *In amounts approx. 36 kg each 13 min.

Table 9. Emission characteristics of the two-stage combustion equipment when burning remains from PF plywood and

steady manual dosing: boiler 5.
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In Tables 9 and 10, CO and NO, concentrations are listed in flue gas from waste combustion
—waste from the plywood on a phenol-formaldehyde resin basis and chipwood boards on a
urea formaldehyde resin basis. In both cases, low CO concentrations in flue gas were measured,
which is caused by high calorific value of dry remains. The UF resin significantly increases the
nitrogen content in fuel, which results in high values for NO, concentrations.

Parameter Unit Measured value
Furnace type Two-stage—pyrolysis pre-furnace

Nominal power 0.6 MW

Operation regime Steady manual dosing’

Fuel type Remains from UF DTD

Humidity % 7
Fuel consumption kg/h 140
Flue gas

Temperature °C 225
0, % 10.8
Flue gas volume mn®/h 1426

Emissions (at O, = 11%)—average values in the steady combustion phase
CcO mg/mn® 81

NO, mg/mn® 1260

Notes: *In amounts of approx. 23 kg each 10 min.

Table 10. Emission characteristics of the two-stage combustion equipment when burning UF DTD remains and steady
manual dosing: boiler 5.

Boiler no. Boiler 5 Boiler 6
two-stage 0,6 MW two-stage 4,1 MW

Ratio of the waste from chipwood board (%) 35 50

Content of O, (%) 14.3 13.3

CO (mg/mn?) 172 88

NO, (mg/mn?) 588 503

Table 11. The results of measurements of pollutant emissions (as averages of three half-hour values calculated for 11%
0,) in flue gas from wood waste from furniture production.

Another goal of the emission limits measurements —when burning native wood and furniture
residues from chipwood boards and MDF in boilers 5 and 6 —was setting the highest possible
ratio of this waste in order to keep to the emission limits. The results of our measurements
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(Table 11) show that the combustion process itself is highly efficient and there are no problems
to keep to the CO emission limits. In boiler 5, it is possible to keep to the emission limit for
NO, with a ratio of the chipwood board in fuel up to 35%. In boiler 6, the emission limit for
NO, 650 mg/mn?is maintained with a reserve with a ratio of chipwood board in fuel up to 50%.

In the past, extensive research was conducted on emissions from various combustion plants
for wood and wood waste [4]. The set of emission measurements is from 31 types of combustion
plants (prevailing output range of 20 kW-10 MW and combustion plants of standard and lower
technical level) and 23 types of wood fuel and industrial wood wastes.

In order to evaluate a large number of emission measurement, we used the statistical method
rotation in factor analysis. Varimax rotation is a useful statistical method used to simplify and
better interpret the measuring results. We can identify and describe each variable with a single
factor. The results of calculated varimax rotated factor matrix (Table 12) enable to identify the
influence of combustion conditions on the production of CO, TOC and NO..

From the results of cited emission measurements, the factor analysis (Table 12) confirms the
importance of precise oxide dosing (O,) in the combustion space (variable/factor 1) for
hydrocarbon emissions (C,H,) and carbon monoxide (CO). On the other hand, a type of wood
fuel does not influence this factor of “good burning” (when respecting suitability for the given
combustion plant). With important differences in oxygen content in industrial wood fuels, it
is an influence of a kind of fuel (variable/factor 2) which is very important for producing
nitrogen oxides (NO,). At the same time, in the wide spectrum of analysed data, the variable/
factor 2 confirms different and mutually opposing mechanism of producing pollutants of CO,
TOC and NO,.

Varimax rotated factor matrix

Variable/factor 1 2

CcO 0.6744 -0.5340
NO, 0.1577 0.8720
TOC 0.8365 0.1244
0, 0.8395 0.1660
Type of combustion plant 0.3858 -0.3569
Fuel sort 0.0166 0.8374

Table 12. Factor matrix of the results of measurements on the emissions from burning wood and wood wastes in
various combustion plants.

This research shows further ways and means towards the realisation of measures to minimise
emissions from the combustion of wood and wood waste. From the viewpoint of emission
production, the decisive prevailing influence of the technique of wood waste combustion was
proven in comparison with the influence of the chemical composition of wood waste. The
knowledge and respecting the mechanism of producing pollutants are usable for regulation
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of emissions from atypical combustion plants or generally for minimisation of emissions in
combustion plants.

4. Case study: example of minimisation of emissions by appropriate boiler
regulation

Emissions of individual pollutants at combustion of solid fossil fuels (black coal and lignite)
and of biomass (wood pellets) in boilers can be found by the analyses of data obtained from
different experiments or commercial measurements of emissions. Data for individual pollu-
tants are described, for example, in the study [14] which summarises the most important
findings concerning the production of pollutants at combustion of various fuels.

It is possible to see from the measurement results that combustion of biomass does not always
directly reduce the amount of harmful emissions generated. An important factor is particularly
the manner of combustion control, which is given by the method of fuel supply, simply
speaking by stoking. The next section shows the method of regulation and of other modifica-
tions of the boiler MA 23, which resulted in reduction of emissions.

4.1. Comparison of the measured evolutions with expected ones

Stoichiometric analysis of fuel samples under normal conditions, and of reference oxygen
content in the flue gas O, = 11% corresponded to the excess air in the flue gas of n = 2.1. The
values of thermal emission measurement in Table 13 contain stoichiometric calculations, as
well as the average values of measurements expressed as percentage of wet flue gas.

Volumetric combustion Unit MA23 PU25
Oxygen for combustion Owin mn’/kg 0.815 0.906
Theor. air, dry 05, mn’/kg 3.881 4.313
Excess air n - 4.464 2.220
Water in flue gas V0 mn’/kg 0.794 0.744
Real flue gas, dry VS s mn’/kg 17.286 9.537
Real flue gas, wet Vv mn’/kg 18.08 10.282
Nitrogen oxides NOx % VIV 75.756 73.724
Carbon dioxide at n =1 COymax % VIV 16.515 16.97
Measured carbon dioxide CO, % VIV 4.28 8.271
Oxygen 0, % VIV 15.8 10.765
Carbon monoxide CcO % VIV 3.815 10.219
Water vapour H,O % VIV 4.39%4 7.239

Table 13. Stoichiometric parameters.
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It is evident from the results that increased oxygen content in the flue gas increases the CO
content, that is, the component, from which it is still possible to extract some heat and to reduce
thus the loss of the unused fuel. This observation leads us to the fact that gas did not get enough
time to react with oxygen and to transform to CO,.

Table 13 gives the percentage composition of real wet flue gas, when it is apparent that the
percentage composition of the flue gas is affected also by the amount of flue gas. Table 13 gives
for comparison also the theoretical volume concentration of carbon dioxide at stoichiometric
combustion, that is, with excess air n = 1. This is the maximum value of the carbon dioxide for
a perfect transformation of carbon in the fuel, that is, an ideal state.

4.2. Analysis of hot water boiler MA 23

The boiler works on the principle of fuel gasification. It consists of two chambers situated one
above the other. The upper chamber serves as a fuel reservoir with pre-burning, while the
lower chamber serves as a combustion chamber and an ash pan, which allows perfect gasifi-
cation of coal and wood. The bottom of the combustion chamber contains an afterburner
chamber in which the wood gas and solid residues are burned. Supply of combustion air is
realised by radial fan.

Figure 6. Hot water boiler MA 23—1. Stoking chamber, 2. Combustion chamber, 3. Fan, 4. Tube heat exchanger, 5.
Chimney spout, 6. Electronic regulator, 7. Nozzle made of refractory concrete.

The boiler (Figure 6) provides a fuel pre-drying with subsequent gasification at higher
temperatures. The primary air and secondary air are pre-heated and distributed in an ideal
proportion to the centre of a fire and to the nozzle. The primary air is driven into the combustion
chamber below the level of the upper door. Uniform distribution of pre-heated primary air
ensures that the fuel gasification takes place gradually in small amounts of fuel. The boiler is
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therefore economical and it has high combustion efficiency of 70-89% in the entire range of its
power output. This arrangement allows better gasification of larger pieces of wood. The
secondary air, which is fed to the gasification nozzle, is pre-heated to a higher temperature.
The flame thus does not cool down and combustibles burn up completely. The lower com-
bustion chamber is lined with refractory concrete in which the final burning of all solid
particles, which fall down, takes place.

Figure 7(a) shows the original shaped piece through which the combustion air for secondary
combustion was supplied by two large holes. Figure 7(b) shows the proposed shaped piece,
which was also tested, through which the air was supplied along the longer side of the shaped
piece by several holes. This resulted in a better reaction with the generated wood gas, in better
burnout of gas and thus in the already mentioned reduction of emissions.

(@)

Figure 7. (a) Original shaped piece and (b) newly designed shaped piece.

Modification of combustion leads to reduction in generation of the gases we measured. The
components of the produced gas have the ability to react with the incoming air to produce
heat. Recording of the measured production of CO during the first test measurement
(Figure 7(a)) of the rated heat output of the gasification boiler showed unsatisfactory results.
Average value of carbon monoxide during two fuel charges without modification of the
distribution of the combustion air, that is, with the initial fitting, was 2350 mg/m>. The
gasification boiler, therefore, had to undergo a modification of the combustion air and gas inlet
into the space of the secondary combustion zone; this position is in Figure 6 indicated by
number 2. This newly designed fitting does not have one hole of larger diameter but five holes
along the longer side for the supply of secondary combustion air and gas from the gasification
chamber (see Figure 7(b)). Modification of combustion leads to lower productions of the gases
we measured. Modification of the fitting affected the measured values of carbon monoxide,
which were on an average of 830.3 mg/m?. Such a result was expected and it was confirmed
by measurements. The cause of this improvement consists in more even and planar supply of
air. The air thus oxidises the active zone of the heating chamber in a wider area and greater
volume. This brings a higher intensity of oxidisation and higher quality of combustion.
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4.3. Verification and interpretation of the data obtained from the gasification boiler

Basic measurements by both direct and indirect methods were performed in accordance with
the relevant standards and regulations for Slovak Republic, the Czech Republic and the EU.
In the entire range from ignition to extinction (due to the need to compare modifications of
equipment), we selected evaluation within the limits of water heated to 60°C up to 90°C, that
is, within the temperature interval of the most frequently used operation. Our interest was to
determine during this measurement the amount of CO (non-reacted fuel component) in
dependence on the boiler output. We were also interested in the output water temperature in
dependence on the flue gas temperature.

Average scatter is low due to the leap type control of the combustion air supply, when large
fluctuations from the mean value are caused by the opening and closing of the air valves.
Table 14 presents the average values of the desired variables.

Original state New formed piece 1D New formed piece 2D
Pyt kW 19.2 19.3 18.5
(€©) mg/m® 2072.0 660.8 696.3
0, % 16.6 16.5 18.2
NO, mg/m*® 1152 120.4 90.9
Output temperature °C 79.6 79.3 794
Chimney temperature °C 154.3 156.6 145.9
Temperature gradient °C 17.2 17.3 16.6

Table 14. Average values of the desired variables.

Measurement of performance parameters of the hot-water boiler MA 23 was performed by
erudite experts from the Department of Energy Technology, Zilina University (ZU) in Zilina,
Slovak Republic. They made measurements of all the parameters cited in the paper. The
records of the tests were prepared both in tabular form and in diagrams. The measurement
was performed continuously beginning from the first ignition of the boiler. The total duration
of measurement was 405 min with steps of 1 min. The records were evaluated by regression
analysis of the measured values. The correlation coefficient for all dependencies varies from
0.9 to 0.95. On the basis of the derived regression relationship, it is possible to render flow
diagrams of the main functions, such as an increase in boiler output in kilo Watt, as shown in
Figure 8. Optimal values functions are represented on the line of optimal performance, that is,
23 kW. In Figure 8, the functions are extended up to the output of 90 kW for more efficient
boilers. Evolution of functions can be equally well plotted in dependence on time in minutes.
Figure 8 shows very clearly that combustion occurring during the first few minutes after
ignition is rather problematic and unstable until an output of at least 10 kW is achieved.
Evolutions of functions are interdependent, and we used them for the proposal of regulation
of the combustion quality and oxygen balance by the ventilator. The sensor for continuous
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measurement of temperature is situated in the stack throat. The regulator controls in depend-
ence on the flue gas temperatures and fluctuations of the draught in the revolutions of an
auxiliary fan. The coefficient of progression is defined as a dimensionless ratio between an
optimal oxygen balance and the real one in relation to the optimal boiler output and to the
corresponding desired oxygen balance according to the fuel.

MAGA 23, Not =1 (Prat)
T T
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Figure 8. MA 23, fan revolutions in dependence on the power output.

A regression analysis was conducted on the basis of the data analysis in order to obtain
description and prediction of the acquired dependencies and relationships between individual
parameters. The analyses yielded in the following Eqs (1)—(12):

Dependence of draft in the chimney p, on the power output P,

P, =35.78498+2.0755-P, ; R*=0.97 1)

Dependence of the chimney temperature t, on the power output P,:

t, =124.14299+3.075308- B, ; R®=0.93 2)

Progression coefficient of the oxygen balance Ky, to draft in the chimney p, and optimal draft

in the chimney p,opr:

1.136-
Ky == 3)

Prorr

Fan revolutions N, in relation to the power output P,
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2.265+0.325-log (P,
]\[0t — 10( + og (P, ) (4)

Fan revolutions N, in dependence on the chimney temperature f,:

N = 10(2,265+0.325.log(7140@4927+49.81042~1k —0.69949- 12 +0.00494 -1 —1.75068-107° -1 +2.49413-107 .17 )) (5)

Fan revolutions N, in dependence on the pressure in the chimney p;:

(2.365+0.325-log (17.56402+0.4526- p, ))
=10 ' (6)

ND

Values of emissions at the optimal power output (maximum power output) Py opr = Protmax =
23 kW. In Egs (7)—(12), the following is valid:

CO,., = —2912.68649+698.44724 - B, ~55.35295 - B2, +1.4870 - P., )
NOx,,, = —361.15795+79.64852 - B, ~5.70241 - P2 +0.14407 - B, )
CO,,, = —2351.95047+578.63494 - B, ~46.84466 - P2, +1.27787 -F., )
CO,,, = —1782.53905+438.61597 - B, ~35.51257 - %, +0.96881 - P, (10)
NOx,,, = —77.93008+17.32183 - B, —1.24033 - P2, +0.03233 - I, (11)
NO,,, = 49.76939-10.47717 - B, +0.47193 - F?, (12)

The maximum output occurs at Py, =23 kW, see Eqs (1)-(6). These values were obtained from
the operational measurements p, = 12.4475, t, = 210.4638, K\, = 1.136, N, = 642.

It follows from Eqs (7)-(12) that the values of emissions were obtained in this manner:
COprep = 19633 10" (value standardised at the normal conditions), NO,,., = 207.0828 0828
(value standardised at the normal conditions), CO,,,, = 1.7237 10, CO,,,, = 1.3070 10",
NO,pm, = 57.6966 and NO, ,,, = 58.4455.

xppm
These values can be read on the straight line P,.,, while maintaining the maximum output.
The mechanism of the combustion process in the boiler can be actively controlled and regulated
by fan revolutions. The boiler operates in such a way that temperature in the chimney is
measured continuously and depending on it, the fan revolutions are regulated, for example,
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with use of PID controller. The fan speed will be set according to Figure 8 at 642 rpm. Control
of revolutions, that is, of the chimney draft, is an important parameter that helps to stabilise a
fluctuating combustion process.

Egs. (1)-(12), derived by analytical processing of the measured values, are used in solution for
conversion of the basic combustion functions to complex mathematical model of the combus-
tion process as it is graphically represented in Figure 8. This mathematical model is of
interactive nature, and it helps in programming of the electronic controller.

5. Conclusions

The results of emission measurement analyses indicated that the standard practice of boiler
operation with a lower level on measurement and combustion process automation that
governs the combustion mode on the basis of calorific value, humidity of wood fuel and
demanded boiler output is insufficient for minimising emissions. For this reason, an original
task for each type of boiler with wood as a fuel is to define optimum conditions of the
combustion process under which the lowest emissions possible are reached.

New lessons from our operating experiments concerning the production of pollutants during
power generating using wood and wood waste are useful for reducing emissions:

* from small combustion plants,

* from unconventional combustion plants and in general to minimise emissions from other
biomass combustion plants.

The results of analyses showed that the standard mode of operation for a particular wood
boiler, as a result of large variability of wood fuel and waste wood properties, should be
optimised by virtue of emission measurements.

The analysis of time behaviour for wood boiler emissions is a good basis for a theoretical
analysis examining the possibilities for adaptation of the usual mode of boiler operation with
the aim of reducing emissions.

The results of combustion mode adaptation in six types of boilers with smaller outputs show
by virtue of emission measurements and according to the methodology worked out that when
combusting wood of various dimensions (briquettes, cuttings) or waste wood cuttings (of
fibreboards and particleboards bound by UF resin, and/or with lamination coating on the basis
of melamine-urea-formaldehyde resin), it is possible to markedly reduce emissions and smoke
darkness.

The purpose of design of gasification boilers consists in the most effective and most perfect
combustion of volatile substances (especially carbon monoxide) in the secondary combustion
zone. Insufficient amount of combustion air in the combustion nozzle leads to high emissions
of carbon monoxide.

After analysis of the results of emission measurements, we proposed a new component of the
boiler, that is, the shaped piece between the gasification and post-combustion chamber. This
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modification reduced the values of emissions, so combustion occurred with higher efficiency
and the values of the generated flue gas CO, CO, and other components of the flue gas got
stabilised. We also proposed control of the combustion air supply.

The next modification concerns the electronic control. The tested gasification hot water boiler
is equipped with a reliable microprocessor controller of the type G-403-P02, which provides
control of air supply via fan on the basis of the input temperatures, which ensures a relatively
wide range of boiler regulation between 30 and 100% of the rated power output of the boiler,
as well as its safe operation. Combustion is then closer to the ideal, stoichiometric combustion,
which manifests itself by the smallest possible air excess. This condition ensures us low
production of flue gas and thus also of the resulting pollutants.

Acknowledgements

This research was supported by the Slovak Grant Agency VEGA under contract No. VEGA
1/0547/15 “Experimental measurement and modelling of fugitive emissions.” This work was
also supported by the Slovak Research and Development Agency under the contract No.
APVV-0353-11 “A proposal and realisation of a pilot retort with reduced emissions for charcoal
production in marginal zone and verification its application” and project ITMS 26210120024,
the project of the Institute of Clean Technologies for Mining and Utilization of Raw Materials
for Energy Use, Reg. No. LO140 and the project RMTVC No. LO1203.

Author details

Emilia Hroncova", Juraj Ladomersky', Jan Valicek*** and Ladislav Dzurenda’
*Address all correspondence to: emilia.hroncova@umb.sk; emilia.hroncova@gmail.com

1 Department of Environmental Management, Faculty of Natural Sciences, Matej Bel
University, Banska Bystrica, Slovakia

2 Institute of Physics, Faculty of Mining and Geology, Technical University Ostrava, Ostra-
va-Poruba, Czech Republic

3 Institute of Clean Technologies for Mining and Utilization of Raw Materials for Energy
Use, Technical University Ostrava, Ostrava-Poruba, Czech Republic

4 RMTVC, Faculty of Metallurgy and Materials Engineering, Technical University Ostrava,
Ostrava-Poruba, Czech Republic

5 Department of Woodworking, Faculty of Wood Sciences and Technology, Technical Uni-
versity in Zvolen, Zvolen, Slovakia



30 Developmentsin Combustion Technology

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(%]

(10]

(11]

(12]

(13]

(14]

(13]

Annon. Emissionsprobleme bei Holzfeuerungsantungen (Emission problems in wood
combustion devices). Holz und Kunststoff 1986, VIII-IX:5-6

Dickhéauser K. Verbrennung von Spanplattenabféllen. (Combustion of Particle Board
Wastes). Holz und Kunststoff 1998, 4:388-391.

Nesvadba J. Dioxins in the flue gas and residues from waste incineration plants. Air
Prot. 1989, 2:103-107.

Ladomersky J. Emission analysis and minimization from the wood waste combustion.
Wood Res.-Slovakia 2000, 45:33—44.

Horbaj P. Some notes on basic parameters, determination of empirical formula and
incineration of solid municipal waste. Chem. Listy 2005, 9:694-702.

Juszczak M. Experimental study of pollutant concentrations from a heat station
supplied with wood pellets. Pol. ]. Environ. Stud. 2011, 20:1519-1524.

Prokhorenkov AM, Sovlukov AS. Fuzzy models in control systems of boiler aggregate
technological processes. Comp. Stand. Inter. 2002, 2:151-159.

Liang LG, Meng Y, Wu, SL. Study on combustion adjustment for optimal operation of
a 1004 t/h boiler. Power Equipment 2010, 1:16-20.

Horbaj P. Model of the kinetics of biomass pyrolysis. Wood Res-Slovakia 1997, 42:15-
23.

Dzurenda L, Geffertova ], Hecl V. Energy characteristics of the wood-chip produced
from Salix viminalis — clone ULV. Drvna Industrija 2010, 61:27-31.

Lin HC, Huang JC, Fujimoto Y, Murase Y. Analysis of gases emitted from particleboard
combustion. Forest Prod. Ind. 2001, 20:165-174.

Morissette R, Savoie P, Villeneuve ]J. Combustion of corn stover bales in a small 146-
kW boiler. Energies 2011, 4:1102-1111. DOI: 10.3390/en4071102

Morissette R, Savoie P, Villeneuve J. Corn stover and wheat straw combustion in a 176-
kW boiler adapted for round bales. Energies 2013, 6:5760-5774. DOI: 10.3390/en6115760

Grabic R, Danihelka P, Ocelka T, Dej M, Horak J. Emission of POPs from incineration
of used oils in heat sources to 30 kW and to 233 kW power at presence of heavy metals.
In. Conference proceedings “Dioxiny v prumyslu”[Dioxins in industry]. Cracow 1999.

Valicek J, Miillerova J, Kubéna V, Kostial P, Harnicarova M, Mikulik M. Emission
distribution and regulation of local heat source. Defect and Diffusion Forum 2012, 326~
328:330-334.



[16]

[17]

(18]

(19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

Combustion of Biomass Fuel and Residues: Emissions Production Perspective
http://dx.doi.org/10.5772/63793

Miillerova J, Hloch S, Valicek J. Reducing emissions from the incineration of biomass
in the boiler. Chem. Listy 2010, 104:876-879.

Miillerova J, Borovicka A, Valicek J, Miiller M, Hloch S, Luptak M. Method of power
regulation of a gasification boiler. Patent CZ 302544 B6: Industrial Property Office;
26.05.2011; Czech Republic; 2011. p. 1-10.

Zajemska M, Musiat D, Radomiak H, Poskart A, Wyleciat T, Urbania D. Formation of
pollutants in the process of co-combustion of different biomass grades. Pol. ]. Environ.
Stud. 2014, 23:1445-1448.

Wang Y, Wang X, Hu Z, Li Y, Deng S, Niu B, Tan H. NO emissions and combustion
efficiency during biomass co-firing and air-staging. BioResources 2015, 10:3987-3998.

Brostow W, Menard KP, Menard N. Combustion properties of several species of wood.
Chem. Chem. Technol. 2009, 3:173-176.

Houshfar E, Lovas T, Skreiberg . Experimental investigation on NO, reduction by
primary measures in biomass combustion: straw, peat, sewage sludge, forest residues
and wood pellets. Energies 2012, 5:270-290. DOI: 10.3390/en5020270.

Lin HC, Ohuchi T, Murase Y. Estimating thermal behavior and analyzing evolved
species of adhesives through thermogravimetric analysis combined with spectrometric
techniques. J. Fac. Agr. Kyushu U. 2004, 49:449-459.

Lin HC, Ohuchi T, Murase Y, Tsai JT, Kao CC. CEM techniques and X-ray analytical
microscope analysis for evaluating the combustion emissions and char of CCA- and
ACQ-treated woods after QUV degradation. J. Fac. Agr. Kyushu U. 2008, 53:497-503.

Lin HC, Murase Y]. Analysis of evolved species and estimation of the combustion
emissions of PACB and AAC preservatives using TGA-IR and CEM techniques. J. Fac.
Agr. Kyushu U. 2009, 54:223-229.

Cichy W, Pawlowski J. Combustion of solid recovered fuels made from post-consumer
wood waste in a power installation of low power. Drewno 2009, 182:25-63.

Lin HC. Combustion emissions analysis of wood-based waste processing-materials. In:
The Impact of Air Pollution on Health, Economy, Environment and Agricultural
Sources, Mohamed K. Khallaf (ed.), InTech, Croatia 2011, 295-322.

Cichy W. Combustion of plywood waste in a low-power boiler. Drewno 2012, 187:21-
36.

Saastamoinen J, Huttunen M, Kilpinen P, Kjaldman L, Oravainen H, Bostrom S.
Emission formation during wood log combustion in fireplaces—part II: char combus-
tion stage. Prog. Comput. Fluid Dy., An Int. J. 2006, 6:209-216.

Dzurenda L, Ladomersky J, Hroncova E. Conversion factor of fuel-bound nitrogen to
oxides in the process of spruce wood combustion in boiler grate furnaces. Pol. J.
Environ. Stud. 2015, 24:505-509.

31






Chapter 2

A Combustion Process Optimization and Numerical
Analysis for the Low Emission Operation of Pulverized

Coal-Fired Boiler

Pawet Madejski, Tomasz Janda,
Norbert Modlinski and Daniel Nabagto

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64442

Abstract

The paper presents experimental and numerical investigation of pulverized coal
combustion process analysis and optimization. The research was conducted on the front-
fired pulverized coal boiler with dedicated low-NOx furnace installation. In order to find
optimal boiler operating conditions the acoustic gas temperature measurement system
and mass flow rate of pulverized coal measurement system was applied. The uniform
temperature distribution as a result of uniform coal and air flow provides the optimal
combustion process with low level of NOx emission and total organic carbon content in
ash. Experimental results confirm that the monitoring and control of fuel and air flow
distribution allows to optimize combustion process by increasing thermal efficiency of
the boiler. In the numerical part of investigation, the complex CFD model of pulverized
coal boiler was made. The calculations of turbulent, reactive, and thermal flow processes
were performed at different boiler operating conditions retrieved from power plant on-
linemonitoringsystem. Theresults ofnumerical simulationsenable toidentify the optimal
boiler operating conditions.

Keywords: pulverized coal combustion, low-NOx combustion, combustion process
optimization, computational fluid dynamics, coal combustion monitoring system,
acoustic pyrometry
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1. Introduction

Currently we observe an increase in natural gas utilization, deployment of renewable energy
sources, and a need to improve coal plant efficiency, which tend to decrease coal consumption
in OECD. In spite of the above, coal will long remain a key energy fuel for electricity generation
in a number of developed countries. Performance optimization of large-scale pulverized coal
(PC) utility boilers has become more and more relevant through the recent years for the utility
industry. Optimization efforts are focused on increasing thermal efficiency, extending their
lifetime, and lowering pollutant emissions.

The coal-fired power plants face a big challenge of improving combustion process enforced
by environmental concerns. The new units designed for high steam parameters must meet
strict limits for emissions of gaseous pollutants. Meeting the requirements of CO, emissions
while maintaining highly efficient production process is still the subject of many research
[1-6]. Regulations for reducing NO, and SO, emissions become more strict and meeting
them must be achieved by both new and old production units. It is currently possible to
achieve the required quality of exhaust gasses with primary and secondary measures. Pri-
mary measures of NOx reduction are used inside the boiler combustion chamber and con-
sist of activities such as proper selection of the excess air ratio and temperature, as well as
modification of combustion techniques (reburning, exhaust gas recirculation, air staging,
cooling the flame, and burners redesign). Secondary measures of NOx reduction include ac-
tivities and auxiliary installations located behind the combustion zone of boiler like selective
non-catalytic reduction (SNCR) and selective catalytic reduction (SRC) methods. The effi-
ciency of the NOx reduction of primary measure is about 35% (reduction from 540 to 350
mg/m?). Secondary measures are more effective. SNCR achieve the NOx reduction efficiency
of up to 50% and efficiency of SCR method can reach about 95%.

However, in the case of older units, applying these methods in the wrong way can greatly
affect the quality of the combustion process and consequently reduce production efficiency.
To keep the thermal efficiency of the boiler constantly at a high level, it is necessary to per-
form optimization work. In recent years, the increasing number of activities using optimiza-
tion methods based on computer simulations is observed. The optimization activities are
carried out to improve performance of coal and biomass cofiring process [7], and decrease
the carbon content in ash [8]. Many investigations were devoted to the modeling and pre-
diction of NOx emission [9-11] as well as to optimization methods for NOx reduction [12—
14]. Current research on optimization methods are based on data from available measure-
ment systems. To further optimize pulverized coal boiler performance, dedicated systems
for monitoring and control of boiler operating conditions [15, 16] can be required. This opti-
mization process can be done by optimizing the amount and distribution of fuel and air
supplied to the boiler [17]. Flame shape and its symmetry is a critical factor influencing
combustion process performance. Optimization of combustion process can improve thermal
efficiency of boilers up to 0.84% [18]. Homogenous temperature distribution of flue-gas pro-
motes lower emissions of NO,, CO, and minimizes total organic carbon (TOC) content in
ash. Acoustic gas temperature and mass flow rate of pulverized coal measurement systems
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allow for online monitoring of the most important combustion parameters. A temperature
measurement can also be applied to verify the results of computational fluid dynamics
(CFD) modeling [19].

The next big challenge for the electricity producers will be the flexible operation with regard
to increasing share of renewable sources of energy in the domestic markets. The increase of
electricity produced from renewable energy sources means that coal units have to adapt to
market needs and work with increased load variations during the day. Working under
changing load requires constant monitoring and controlling the operating parameters of the
boiler in order to maintain high efficiency and required levels of gas emissions. Conducted
research also shows that the time required to load changes can be much shorter than the one
that is currently used [20]. As a result, in the near future, coal-fired units will work more often
in transient conditions which will require the use of new methods presented in this paper, to
control and optimize the combustion process also at transient conditions.

In recent years the development of computer modeling techniques, in particular the compu-
tational fluid dynamics, has allowed for accurate analysis of coal combustion process in
tangentially fired [21-26] as well as front-fired furnaces [27-29]. Results of CFD modeling [30]
can be used at the stage of the combustion process optimization to provide complete infor-
mation about the process. A comprehensive large-scale furnace CFD model should be capable
of properly predicting trends in NO, reduction by means of primary [31] and secondary [32]
methods.

2. Coal combustion process monitoring and control

Air flow as well as fuel flow distribution in a power plant has to be measured and controlled
in order to achieve optimum combustion conditions and improve the boiler efficiency. In low-
NOx combustion system, the air and fuel flow has to be precisely controlled. Both the total air
distribution (primary and secondary air to the boiler) and the mass flow rate through the
individual burner. Figure 1 presents dependence of the key combustion parameters (NO,, O,,
CO, LOJ, and boiler efficiency) on the air/fuel ratio. To optimize the combustion process the
accurate measurements and control systems are needed.

The combustion stoichiometry can be easily controlled by air distribution. For low air-fuel ratio
value the O, versus CO dependency is high. As long as the amount of air is not optimized in
reference to fuel the CO can reach very high values. While increasing O, the CO declines—the
combustion is getting complete. The optimum zone is defined as low CO value for the lowest
possible O, supply, while the excess of O, has to be maintained for combustion stabilization.
For optimum zone the NOx value also has to be as low as possible. O, has crucial influence on
NOx generation. The NOx level is proportional to the amount of O, depending on NOx
generation stoichiometry. If the excess of air will reach the highest values the NOx will also
grow. For those conditions we start to lose the combustion efficiency. The output losses will
grow rapidly according to O, value. This can be observed by highest FEGT.
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Figure 1. The key combustion parameters as a function of air-fuel ratio [33].

2.1. Low NOx emission technique of pulverized coal combustion

The purpose of improving NO, emissions resulted in the use of low-emission combustion
technology, which is characterized by staged combustion process with extended low oxygen
combustion zone. In pulverized coal boiler, the low-NO, combustion technology is most often
implemented using low-emission burners and spatial distribution of air supplied to the
furnace. Furnace installations can also be equipped with a system of fuel staged supply to the
boiler. This process involves providing coal-air mixture with better fineness in the higher
regions of furnace. General scheme of low-emission combustion system in PC boiler OP-650
(EDF Poland, Rybnik Power Plant) is presented in Figure 2.

OP-650 is a front wall fired, pulverized coal boiler with steam drum and natural circulation.
Maximum continuous rating is 650 t/h of live steam generation (700 t/h in peak load). Boiler is
equipped with six ring-ball mill units (A, B, C, D, E, and F) that supply 24 burners. Mills are
equipped with static classifiers with movable blades.

Low-emission combustion system consists of two rows of main swirl burners located at the
lower part of windbox (six burners in each row). Additional diluted coal-air mixture is
provided through 12 drop tubes located at the upper part of windbox (Figure 3). Boiler also
consists of two levels of overfired air nozzles (OFA) located at the front wall (6 OFA ports) and
rear boiler wall (10 OFA ports). All burners are fitted in the common windbox located on the
front wall of the boiler. The burners’ arrangement was designed to reach the low-NO,
combustion conditions with air and fuel staging method. The first two rows of burners (low-
NO, burners) (burners I and II) are supplied with a high concentration mixture and the third
row (burners III—without swirl) is supplied with low concentration mixture. Depending on
load demand, the mill units operation configuration is different (some of the mills are out of
operation).
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Figure 2. Low-emission combustion system in PC boiler.
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Figure 3. Fuel and air supply system in PC boiler OP-650 (EDF Poland, Rybnik Power Plant).
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The main swirl burner design with marked flow zone of coal-air mixture and secondary air is
presented in Figure 4. Combustion air is separated into core, primary, secondary, and tertiary
as is shown in Figure 4. Additional diluted coal-air mixture is provided through 12 burners
located in a single row at the upper part of windbox. These burners are made of drop tubes
with additional six nozzles for optional biomass injection.
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Figure 4. Low-NO, burner and supplying scheme of fuel and air.

2.2. Monitoring and control of fuel flow rate

Pulverized coal separation into low and high concentration mixture is realized by means of
louver splitters installed behind mill outlet. Each mill has two outlets (multiturret), where each
outlet is equipped in splitting box. Behind each splitter there are two separate coal pipes which
transport the low and high concentration mixture to the burners (Figure 5). The fines of high
concentration mixture is approximately 30% and 5% residue for R88 and R200 mesh sieve,
respectively, and low concentration mixture fineness is approximately 15% (R88) and 1%
(R200).

Fuel distribution is controlled in open loop by unit operator. Each louver has individual
actuator which is adjustable from distributed control system (DCS) in specific range from 0%
to 100% which corresponds to 30-70% share of mixture density. Figure 6 depicts the main idea
of fuel splitter operation.

The use of louver separator allows to control the pulverized fuel (PF) distribution in share
range 60-80% for high concentration mixture and 20-40% for low concentration mixture.
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According to this PF distribution, the low emission combustion condition can be met by means
of fuel staging method.

To the burners

Splitting booees
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Figure 5. Fuel splitting system.

100% 100% 100%
Figure 6. The principle of the fuel splitter operation.

The set point for louver position depends on current live and reheated steam temperatures
and current PF distribution which is related to mill unit operation configuration. The fuel
splitters settings allow to control the fire ball (flame core) location along the boiler height. This
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feature is often used to achieve the nominal live and reheated steam temperature (540°C). At
low unit load, where the temperature is too low, the fire ball is moved up in the combustion
chamber —the high concentration mixture is driven into burners placed on third level (burners
III). In case of very high temperature, the fire ball is moved down—the high concentration
mixture is driven for first and second burners level (burners I and II). The more complicated
situation is where the mill unit operation is changed. The PF distribution differs, which cause
the imbalance between left and right side and generates nonuniformity of gas temperature.
For PF distribution and velocity measurement the dedicated online measuring system is used.
Each coal pipe is equipped with sensors which are connected to the measuring portable
cabinets (each of four coal pipes, one for mill unit). Depending on location constraints, different
section lengths (~1.2-2.4 m) of pipes with internal diameter (ID) of 0.46-0.51 m were chosen
for the system installation. The general rule is to install the sensors in vertical pipes at a location
of three internal diameters (3 x ID) for the inlet and one internal diameter (1 x ID) for the outlet
from bends and curves. If there is no possibility to use the system for vertical pipes the
horizontal sections are chosen.

Additionally, online optimization of the PF distribution is performed by unit operation, while
the periodic optimization is carried out by process engineer personnel. Due to the fact that the
system is portable and each mill has separate measuring cabinet, the boiler/mill group
optimization is possible. The optimization strategy is simple. Initially, PF mass flow and
velocities are analyzed for each mill separately to meet the following requirements: 20-40%
mass flow for burners III (low concentration mixture), and 60-80% mass flow for burners I and
II (high concentration mixture) for low-NOx combustion system. Next, PF flow is analyzed for
boiler according to the results for each mill and consequently the symmetry between left and
right sides of the furnace optimization is reached. Once satisfactory pulverized coal distribu-
tion was achieved, the system is moved to another group of mills/boiler.

2.3. Monitoring and control of air flow rate

The air distribution and flue gas systems in presented front-fired PC boiler consist mainly of
three forced draft (FD) fans and three inducted draft (ID) fans (Figure 7). Two FD fans sup-
ply primary air to the mills and one FD fan supplies the secondary air to the boiler through
the common windbox. The boiler is also equipped with two protection air fans, and one bot-
tom air fan which supply the air to protect the boiler’s evaporator (protective air) and to
burn out the fuel near bottom ash hopper (bottom air).

The air distribution control process is supported by dedicated measurement systems of air
temperature, mass flow rate, and pressure. These measured values are required for evaluation
of set points in control system: fuel demand, combustion air demand, and steam temperatures.
In addition, the boiler is also equipped with system for combustion quality monitoring, where
the flue gas composition measurement subsystem (O,, NOy, CO, and SO,) is the most important
component.

The most commonly used air flow measurement system is based on differential pressure 4P
value. Differential pressure measurement signal is used in primary air flow measuring
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providing the possibility to avoid the typical problems connected with air purity and thermal
condition. The main disadvantage is the pressure drop in air duct which can limit the fan’s
maximum capacity. For different air duct profile other similar measurements are used, i.e.,
venturi, orifice, annubar, veribar, or pitot tubes. New advanced technologies for air flow
measurement are based on electrostatic, thermal, or optical principles and are free of difficulties
related to complex geometry. They are also more accurate than dP measurements; however,
pose some limitations depending on measuring technology.
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Figure 7. The main scheme of air/flue-gas distribution in PC boiler.
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The boiler operation is controlled by distributed control system, in which control algorithms
for fuel/air amount are implemented. The presented power unit OP-650 operates mainly in
coordinated boiler follow mode. The load demand signal is applied to the turbine valves
(turbine master) and combustion demand (boiler master). Boiler master is the main control
signal for boiler load algorithms which acts on fuel demand control algorithm for coal feeders’
capacity control. Combustion air (primary and secondary) demand is controlled according to
oxygen rate in flue gases at the boiler outlet. Basing on oxygen measurement, the load of FD
fans is evaluated and controlled. The air distribution system, secondary air and OFA, can be
also controlled by unit operator in manual mode. In the primary and secondary air distribution
optimization of advanced air balance control, some requirements have to be met. The primary/
secondary air balance should be maintained in the range of 20-30%/70-80% of the total air
flow.
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Figure 8. Total air control loop overview.
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The amount of total air flow is measured by means of dP measurement on main ducts, which
are common for all the three FD fans. The unit controls the load of FD1 and FD3. The FD2 is
out of control in this loop. The total amount of air is controlled indirectly by amount of
secondary air. For automatic total air amount control the live steam mass flow measurements
have been used together with O, content in flue gases correction. The automatic control unit
acts on two FD fans (FD1 and FD3) and on subordinate control unit responsible for primary
air to the mills control (Figure 8), which respectively acts on FD2 load. The leading signal of
live steam mass flow is added with correction signal from O, content in flue gas behind the
boiler. The controlled O, content is kept on O,, set point level:

0,,=0,,(M,)+A0,,(0) (1)

2z = 2z

where O,,, O,,(Mp), and AO,(O) are oxygen set point at the boiler outlet, oxygen value as a
function of steam mass flow rate M,, and difference of oxygen content at the left and right side
of boiler outlet, respectively.

The difference between those two signals is given on the input of Rn, (O, controller), which
evaluate the correction signal from O, content. This correction is added to subordinated
controller. The signal of total air flow to the boiler follows the leading signal of live steam flow
recalculated in VM module (Figure 8). The correction from O, and power changes is as follows:

Vc =V, +V, )

where V. is the total air flow rate, V, and V/ are air flow rates on the right and left side of boiler,
respectively. The difference of those two signals is introduced on two controllers of secon-
dary air (Ry,; and Ry,), which controls the load of FD1 and FD3 fan.

The main controller is proportional-integral type and works accordingly to tracking control
idea. The set point signal is the live steam mass flow value, the controlled variable is the total
air flow to the boiler. The correction from O, content in flue gas is comprised in subordinated
PID controller with O, set point value. The deviation controls directly the adjuster of
steam/air share. From practical point of view, the range +20% for steam/air share is enough to
keep the set value of O, content at the boiler outlet.

The amount of primary air is measured by use of dedicated dP orifices between the mill fan
and mill inlet. The primary air is dependent on the fuel mass flow rate supplied to the burner.
The control process of air flow can only be achieved by modifying distribution of the secondary
air supplied to both the burners and the OFA nozzles. The amount of secondary air is not
measured, but is balanced by use dedicated performance calculations implemented in DCS.
The secondary air is controlled by the position of the dampers presented in Figure 9(a). Each
burner has the ability to individually control the position of dampers, as opposed to the OFA
nozzles. In the case of OFA nozzles on the front wall, the control process is carried out by
changing the position of two adjacent nozzle dampers. On the rear wall of the control process
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is achieved by changing the damper position of the OFA nozzle located on the left and right
side of the boiler (Figure 9b).

Figure 9. Air flow controlling damper of the burner (a) and OFA (b).

2.4. Protective air system

An adverse effect of low-emission combustion technology is the creation of a permanent
reducing atmosphere (the reducing zone with reduced O, and increased share of CO) in the
boundary layer of screens. If close to the screens of combustion chamber O, content is below
1%, and the CO content rises above 0.2%, the process of corrosion of screen tubes can occur
(low-oxygen corrosion). In order to protect screen against negative effects of low-oxygen
corrosion in form of intense loss of the tube material, boiler is equipped with protective air
nozzles. The air supplying through nozzles located on the rear and the side walls of boiler
(Figure 10) allows to increase the share of oxygen in the boundary layer.

The share of protective air in total amount of air supplied to the boiler can be up to 20%, and
it needs be taken into account in any process related to the optimization of air distribution to
the boiler.
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Protective air nuzzles

Figure 10. The single section of protective air nozzles (a) and sections arrangement on the boiler rear wall (b).

2.5. Acoustic measurement system of flue-gas temperature

The acoustic

gas temperature measurement system (AGAM) allows to asses impact of

operating conditions on the temperature distribution inside the combustion chamber. Meas-
urement system is located at the level of 30.2 m and is composed of 8 heads (Figure 11), which
form the 21 paths of measurements. Based on the 21 paths, the flue-gas temperature can be

calculated in 1
chamber.

2 zones to create maps of temperature distribution at the outlet of combustion
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Figure 11. The level of AGAM system location (a) and the distribution of measurement paths (b).
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The principle of AGAM system is based on the acoustic pyrometry, which allows to measure
delay time of an acoustic wave. Time delay depends on the temperature in the environment
of wave propagation and this relation is defined by the following formula:

v=—T )

where v is the speed of sound (m/s), R is the universal gas constant (k]J/(kmol'K)), M is the
molar mass of gas (kg/kmol), and k is the adiabatic index.

The adiabatic index and molar mass of gas are calculated based on the typical average values
of volume fraction for flue-gas in coal-fired furnaces. For analyzed boiler, the parameters are
equal to: k=1.275, N, =76.5 Vol.%, O, =3 Vol.%, CO, =13 Vol.%, H,O = 7.5 Vol.%.

Velocity of a wave is determined by the propagation time of an acoustic impulse between
symmetrically placed transmitters and receivers. The distances between the transmitter and
the receiver are constant and the temperature is calculated using the formula presented below:

l2
B-t

T=

10 -273.15 (4)

2

where [ is the distance between the transmitter and the receiver (m), 7 is the time of delay (s),
and B is the acoustic constant.

3. CFD modeling techniques in pulverized coal-fired boilers

Performance optimization of large-scale pulverized coal utility boilers has become more and
more relevant through the recent years for the utility industry. CFD modeling has been
extensively applied to provide information on the complex phenomena in tangentially fired
[21-27] and in front wall-fired furnaces [27-29], including gas-solid flow, combustion, and heat
transfer.

In [21], two tangentially fired furnaces (OP-380 and OP-430) of similar design and thermal
power were numerical investigated. OP-380 was retrofitted by replacing traditional jet burners
with RI-JET2 (Rapid Ignition JET-burner) swirl burners. Comparison between the boilers
combustion characteristics was carried out based on the CFD simulation. In [22], different
operation regimes of pulverized coal furnace have been investigated with the 3-D CFD code.
Selected parameters have been compared to measurements, showing good agreement. Similar
purpose was achieved in [23]. Additionally, a grid refinement study was performed. Pulverized
coal ignition behavior in a 40 MW tangentially fired boiler was predicted in [24]. Ignition image
was obtained from high-temperature-resistant camera and compared to simulation results.
Accuracy of general simulation approach was confirmed by available operating and design
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data. Yin et al. [25] investigated furnace and part of the rear pass in the tangentially fired boiler.
The simulation has been validated with global design parameters including O, at the furnace
outlet, heat transfer in the furnace, and furnace exit temperature. Site operation data was used
to verify NO, predictions. In [26], Euler-Lagrangian approach was incorporated to investigate
numerical flow characteristics in a tangentially fired furnace. Temperature deviation has been
analyzed. An example of employing a commercial code Fluent to investigate a 500 MW utility
boiler firing medium volatile coal was demonstrated in [27]. Temperature profiles were
calculated for different boiler loads. Calculations have been compared with measurements
data. Minghou et al. [28] addresses CFD simulations of front-fired boiler for different operating
conditions. The model was validated by comparing measured unburned carbon in fly ash,
NOXx, and total heat transfer to the walls with measured values. The combustion and wall heat
flux in a 100 MW boiler under air and oxy-fuel combustion conditions was analyzed by means
of computational modeling in [29]. No validation of the numerical approach was done against
the experimental data.

Reducing a complex physical problem to a series of models that can be solved numerically
requires a number of assumptions to be made. Specifically, for engineering problems momen-
tum and species transport equations must be modeled. Simulations are computed using CFD
code, which solves Reynolds averaged Navier-Stokes equations using a low-order finite
volume formulation. In the current work, the steady-state solution is calculated using second-
order discretization for all equations.

Simulation of the following processes takes place in the furnace: turbulent flow, coal combus-
tion, gas phase combustion, particle transport, and radiative transport. The gas phase is
modeled assuming an Eulerian approach, while for the solid phase both the Lagrangian as
well as Euler-Euler approach is applied.

Realizable k-¢ model [34] was used as a closure of turbulent Reynolds equations. The realizable
k-e model is relatively widely used for engineering applications and provides better perform-
ance in many industrial turbulent flows than the standard k-¢ model. The flow near the wall
is influenced by molecular viscosity rather than by turbulence. The wall function method of
[35] uses algebraic formulations to link quantities at the wall to those further away. The y+
values have been kept above 20.

3.1. Coal devolatilization

The pulverized coal combustion process can be divided into two parts, devolatilization and
char combustion. The most commonly used conventional devolatilization model is based on
a single kinetic rate [36], which assumes that the rate of devolatilization is dependent on the
amount of volatiles remaining in the particle via a first-order reaction:

dd—”;”:k[mp—(l—ﬁlo)mw} ®)
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where k, f,o, and m,, denote reaction rate (following Arrhenius rate), volatile fraction, and
initial particle mass. These models can be extended by using network devolatilization models
like FG-DVC and FLASHCHAIN [37, 38] as a preprocessor. An example of using FG-DVC
model with assumed particle heating rate equal to 10° K/s is demonstrated below. It predicts
the rate of the production and high temperature yields for the char, tar, volatiles, and the
composition of key species during the devolatilization of any coal. The results as well as the
proximate and ultimate analysis for the used coal are given in Table 1.

Proximate analysis (wt%, as received)*

Ash Volatile matter Moisture Fixed carbon
22.34+0.7 25.77 3.0 12.75+0.6 39.14+3.0
Ultimate analysis (wt%, daf)*

C H N S (@]
84.7 5.39 1.55 1.23 7.13
FG-DVC high-temperature yield (wt%, daf)

Volatiles Char

47.8 52.2

Volatile composition from FG-DVC (wt%)

H,O CcO CO, C.H, CH,0O,
4.8 2.3 2.08 7.12 315
Empirical formula for light hydrocarbons (C,H,) and tar (C,H,0,)

C,H, (gas) CH,O, (tar)

m=1,n=722 x=7,y=448,2z=0.72

Table 1. Coal analysis results and FG-DVC output (*analyses were performed according to the polish norm N-EN
ISO/IEC 17025:2005).
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Figure 12. Comparison of tar (C;H,0,) and light hydrocarbons (C,H,) devolatilization rate and yield functions.
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During primary devolatilization each volatile species is evolved with different rate and tar
undergoes secondary pyrolysis [39]. In the CFD modeling of turbulent flow with combustion
it was assumed that volatiles are produced as a single compound that undergoes instantaneous
breakup reaction into tar, light hydrocarbons, CO, CO,, and H,O. FG-DVC calculates devola-
tilization rate of tars and mentioned species. The most significant mass drop of fuel particle
occurs when tar is evolved, which is produced in first place (Figure 12). For this reason tar
release rate is used in devolatilization model.

Knowing the volatile fraction of dry ash free coal (f,q.qe) and assuming that residual char is
pure carbon, we can calculate lower heating value of volatiles.

LHV,, -f,. -LHV,

coalyy char

LHV = (6)

volatile
f volatile

Assuming that lower heating value of light hydrocarbons is approximately equal to that of
methane (LHV,,, = 50 MJ/kg), we can easily calculate lower heating value of tars from the

gas

instantaneous breakup reaction of volatiles:

- (ygﬂs : LHVgas + yCO ’ LHVCO)
ytar

LHVvolatile
LHV, =

where Y, Yy and yco stand for mass fraction in volatiles.

A novel approach in devolatilization simulations was described as tabulated devolatilization
process model (TDP) [40]. The authors indicated that in the previously mentioned modeling
approach all the devolatilization parameters used in the CFD code were calculated assuming
a constant heating rate for all the particles (with a typically used value of 10° K/s). In the TDP
approach a look-up table of the devolatilization rates and yields for a set of heating rates is
generated based on the FLASHCHAIN model. In the course of CFD simulations, a particular
set of devolatization parameters is used based on the calculated particle heating history.

In nonpremixed reacting flows the local time-dependent mixing and chemical reaction of the
species and heat transfer away from the reaction area determine the combustion process. The
key gas phase combustion modeling issue is the necessity of source terms calculations in
reactive species transport equations, which are the average values of strongly nonlinear
reaction rates. Early combustion models have been derived on the assumption of chemical
equilibrium. Taking into account detailed kinetics of reactions usually results in much higher
computational effort.

3.1.1. Eddy dissipation concept (EDC)

Eddy dissipation concept [41] was used as a general concept for treating interaction between
turbulence and chemistry in flames. In this model the total space is subdivided into fine
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structures and the surrounding fluid. All reactions of the reactive components are assumed to
react only in these spaces which are locally treated as perfectly stirred reactors (PSR) with a

residence time:
7 =041 \/Z (8)
£

where v is the kinematic viscosity and ¢ denotes turbulent kinetic energy dissipation rate. These
parameters are calculated from turbulence model (k-¢). Mass fraction occupied by fine
structures is modeled as:

2

. ve 0.25
y =213 9)

The reaction rates of all species are calculated on a mass balance for the fine structure reactor.
Denoting quantities with asterisk, the conservation equation of species i can be defined:

ﬁ(mi —m)=M, @ (10)

where m; is the average mass fraction of the species i, M; is the molecular weight of the species

i, and w;* denotes the chemical reaction rate calculated from Arrhenius equation.

The mean net mass transfer rate of species i between the fine structures and the surrounding
fluid can be expressed as:

pr (=

R=T,(1_y*)(m,~—mﬁ) (11)

1

The implementation of the EDC model into CFD code is realized by solving the nonlinear
system of equations for the fine structure reactor in each control volume and finding R;, which
is the source term in species i transport equation.

In most of the engineering cases implementation of the detailed reaction mechanism into 3D
codes is prohibitive due to their large computational effort. For many purposes the required
information can often be obtained with a less complete chemistry description. CFD simulations
most often use simplified global reaction mechanism. Four-step global mechanism mainly
based on the one demonstrated in [42] was employed. It contains four global reactions:
hydrocarbon and tar decomposition reactions, carbon monoxide, and hydrogen oxidation:
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m n n
CH +|—+—10,=>mCO+—-H,O 12
m-n [2 4] 2 2 2 ( )

CH,0,. +|>-2|0,=xc0+ZH,
2 2 2

CO+0.50, = CO,
H,+0.50, = H,0

Following the above mechanism with known heat of reactions we can further calculate
enthalpies of formation of volatiles, light hydrocarbons, and tars. Enthalpy of formation of tars

was calculated by assuming zero heat of volatiles instantaneous breakup reaction. Heat of
pyrolysis was not included in the analysis.

3.1.2. Mixture fraction/probability density function (PDF) method

Pulverized coal combustion process is a one of example of turbulent nonpremixed combustion
systems and can be modeled using the mixture fraction/PDF model. Mixture fraction f can be

expressed as the local fuel mass fraction [43], where Y; and Y is mass fraction of fuel and
products, respectively:

YF
f=1 (13)
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Figure 13. Mass fraction Y of fuel, oxidizer, and products as a function of mixture fraction f.
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The main approach of diffusion models is that the combustion is limited only by mixing of fuel
and oxidizer. The release of reaction products takes place if the fuel and oxidizer are locally
mixed and does not depend on the reaction rate. In mixture fraction/PDF model transport
equations for individual species are not solved. The mass fraction of oxidizer, fuel, and
products is calculated based on the mixture fraction value f. Figure 13 presents the graphical
interpretation of mixture fraction approach.

If 0 <f<f; fuel is deficient and the mixture is called fuel lean. The mass fraction of oxidizer and
products is represented in the following form:

Yi(f)zyoﬁ'fi(ys _YOX) (14)

S

On the other side, if f; <f< 1 the mixture is called fuel rich, and the following equation can be
used to calculate mass fraction of products and fuel:

f_fs (prl -Y

Yi(f):Ys"'l_fs s) (15)

where fis the mixture fraction, f; is the stoichiometric mixture fraction, Y is the mass fraction
of products of stoichiometric reaction at f = f;, Y; is the mass fraction linear functions (Y, Yy,
Y;), Y, is the local mass fraction of oxidizer, Y; is the local mass fraction of fuel, Y, is the local
mass fraction of products, Y, is the mass fraction of oxidizer at f =0, and Yy, is the mass
fraction of fuel at f=1.

The reaction is complete if the whole mass of fuel and oxidizer vanish (Y;=0, Y, =0) and this
state is described by stoichiometric mixture fraction value f;. The mixture fraction approach
allows to calculate mass fractions at each control volume based on the one value and the
modeling of combustion process is simplified to a mixing problem. The governing transport
equation of mixture fraction is given by:

Opfy=2| p % _
at(pf)_axi(pDé‘xi (pul-f)] (16)

where D is a molecular diffusion coefficient (m?/s), u; is the velocity in direction of i (m/s), x; is
the direction 7 in Cartesian coordinates system (m), and p is the density (kg/m?).

Equation (14) can be applied taking into account the assumption of equal diffusivities of fuel,
oxidizer, and products. In turbulent flows the turbulent convection dominates in comparison
with molecular diffusion and assumption of molecular diffusion coefficient equality is
acceptable.
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When local value of mixture fraction is known, it becomes possible to calculate the local
enthalpy & of combustion products. The enthalpy of the burnt mixture is a linear piecewise
function of f and is presented in Figure 14. Therefore, the calculation of the gas temperature
and an amount of heat generated (heat losses) in the combustion process becomes possible.
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Figure 14. Enthalpy  of fresh and burnt mixture as a function of mixture fraction f.

For fuel-lean mixture and 0 < f< fs:

h, =h

L Ox

Ln-n
Ln-n)

S

and for fuel-rich mixture and f; <f<1:

f .hl((’ _h
h, =25 fF_ll 5+ff_1(hs—hpud)
s s

(17)

(18)

where J; is the enthalpy on the lean side of f; (k]J/kg), hy is the enthalpy on the rich side of f;
(kJ/kg), ho, is the enthalpy of oxidizer at f=0 (kJ/kg), Ig, is the enthalpy of fuel at f=1 (kJ/kg),

hg is the enthalpy of products at the stoichiometric mixture fraction f; (kJ/kg).

To determine the thermodynamical properties in turbulent flow, the probability density
function of the mixture fraction is needed. The mean enthalpy & can be computed from the

following equation:

—

h={n(f)-P(f)df

S

(19)
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The conservation equation for the mean mixture fraction f and its variance f 2 (without the
source term) need to be solved to fit parameters of the PDF function with already presumed
shape. The most popular PDF g function [43-45] used in coal combustion modeling has a

presumed shape and depends only on the mean mixture fraction f and its variance /™.

oL 20)

where the normalization factor B(a, b) and is defined as:

1

B(a,b)= [ -(1- )" ar @1)

0

and the PDF parameters a and b can be determined using 7 and /™

J7(1-7)

a=fl 1 (22)
z

0| D

The g functions also have limitations and they cannot describe distributions joining an extreme
peak (f=0 or f=1) with a maximum intermediate peak in the range of 0 < f< 1. The different
approaches can be proposed as the Dirac peak at the boundary, in order to eliminate this
inconvenience.

Despite simplifications the mixture fraction/PDF method allows the determination of the basic
parameters of the combustion process, also in the case of coal combustion. The mixture
fraction/PDF approach is commonly used in computational fluid dynamics and particularly
in modeling of the turbulent reactive flows which are the most popular cases occurring in
industrial practice.

3.2. Char combustion

Char undergoes heterogeneous oxidation to CO. The reaction rate is calculated on the as-
sumption that the process is limited by the diffusion of oxygen to the external surface of the
char particle and char reactivity [46]. It is assumed that particle is spherical in shape and that
surface reaction rate depends on the ratio of the reacting surface to the surface of the sphere.
Diffusion phenomena with the rate:
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R 24Dy, [(1,+7,)/2] (24)
W RT, d,
and kinetic reaction:
—(E/RT,
R,=Ag-e /") (25)
occur simultaneously. The total char combustion rate is than expressed as:
dm X R R
_p:—ﬂ'szRT 20 | e (26)
dt ! M, )R, +R,

where D, denotes particle radius, D, is the diffusion coefficient, p is the particle density, X, is
the oxygen mole fraction, M, is the oxygen mole fraction, T, and T, are the particle and bulk
temperature, Asis the empirical constant dependent on the fuel, and ¢ is the ratio of the reacting
surface to the surface of the sphere. The particle burns out with constant diameter and variable
density. It was assumed that the particle absorbs all the heat of the char burnout according to
[47].

3.3. Radiative heat transfer

In case of combustion in furnace problem radiation is not only the dominant energy trans-
port mechanism but also one of the most complex problems. The radiative transfer equation
(RTE) [48] governs the radiation heat transfer in participating media. It describes the varia-
tion of radiation intensity (I) as it travels along a certain path (s) in the medium, in the direc-
tion (s, w). Considering absorption, emission, and scattering apart from and into the
direction s, the RTE can be described as follows:

ai(s,w)
==k +0) I(s,0) + 1 I + = [, 1(s, @) - Pdw @)

where kand o denote absorption and scattering coefficients, @ is the phase function. The spatial
integration of RTE was carried out with the discrete ordinates (DO) method [49]. The number
of RTE depends on the total number of gray gases and takes into account scattering of the
particles. The DO method solves the RTE for a set of directions based on the concept of angular
discretization scheme. Each octant of the angular space 4w is discretized into polar and
azimuthal solid angle. The continuous integral over the solid angle is approximated by a
numerical quadrature scheme, where the equations are solved for a series of directions.
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In a typical combustion chamber H,O and CO, are the main gaseous absorbers and emitters
of radiant energy. The total emissivity of gas is calculated by a number of gray gases using
polynomial correlations for weighing factors and absorption coefficient according to the
weighted sum of gray gases method (WSGGM) [50]. Widely employed coefficients for
emissivity [51], fitted from the benchmark exponential wide-band model, have been used in
this work. The WSGGM represents the entire spectrum with three gray gases having uniform
absorption coefficients. The total gas phase absorption coefficient is calculated from the total
emissivity with the mean path length calculated from the characteristic cell size.

The gas phase absorption coefficient was corrected according to Taylor-Foster model [52],
assuming uniform and constant soot concentration (10 kg/m?®) in the furnace. As noticed in
[46], the main source of radiative transfer in two-phase mixture is the particle cloud. Therefore,
coal particles emissivity (¢,) treatment is crucial in coal combustion simulation. In this work
the particle emissivity was assumed to be a function of unburned carbon in particle (U,)
following the relation [53]:

€,=04-U +06 (28)

The particle reflectivity and scattering effects are also included in the calculation of heat
transfer.

Thermal boundary conditions at walls have been expressed in terms of surface temperature
and emissivity. It was assumed that the evaporator surface temperature is about 60° higher
than the saturation temperature corresponding to the pressure of 16 MPa in the boiler drum.
Calculations have been carried out for three emissivity values equal to 0.5, 0.7, and 0.9 at fixed
wall temperature. All the presented figures correspond to emissivity equal 0.7, which is a
typical value found in the literature [54]. We have to emphasize that during real boiler
operation temperature and emissivity vary with time and spatially due to water-wall slagging
and soot blowers operation. This phenomenon can be included in the simulations by imple-
menting deposition model with thermal properties submodel [55].

4. Coal combustion process optimization

The main goal in power generation optimization is related to reduction of operational and
maintenance costs. Form practical point of view it is directly dependent on two factors: first,
combustion effectiveness (effectiveness in fuel consumption), and second, production
effectiveness by optimal operation in steady and transient state (process performance). The
combustion effectiveness depends on boiler performance and operational skills which are
strictly related to the control system. To increase the combustion process performance the fuel
consumption and flue gas emission (NOy, CO, SO,) have to be reduced.
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4.1. Optimization method

The combustion process optimization has been performed for wall-fired pulverized coal boiler
of EDF Polska S.A. in Rybnik Power Plant. The main goal was to minimize the boiler losses
(maximize boiler efficiency) and to keep the environmental requirements for NOy and
exploitation requirements like live and reheat steam temperatures on optimal level.

The general optimization method used in the EDF Rybnik Power Plant was based on online
calculation of manipulated variable (MV) according to controlled variable (CV) changes. The
dedicated model has been created that defines the dynamic of particular values changes (CV)
according to described control by MV. The defined model is adjusted in online mode, which
gives good performance for boiler control units. The general description of optimization
methods are presented in Table 2. The calculation have been performed by using dedicated
software SILO [56, 57], developed and implemented by Transition Technologies Company [58].
SILO collects various data to select the best solution for defined models and for current boiler
conditions.

MV Control unit CV (Controlled variable)
(Manipulated

variable)

Secondary Secondary air NO,, live steam temperature,
air dumpers demand control reheated steam temperature
OFA 1T and OFA demand control NO,

OFA III

Protective Protective air control NO,, CO

air dumpers

Coal feeders Boiler master control NO,, live steam temperature,
reheated steam temperature,

spray water flow, CO

O, Total air demand control 0,, CO, NO,

Table 2. Control strategies for optimization process.

The main goal in boiler operating optimization was to improve the fire ball shape to achieve
the nominal steam temperatures as well as low NO,, CO, and O,, which depend on flue gas
distribution inside the furnace. The information about temperature distribution provided by
the AGAM system has to be integrated with control units. Before optimal fire ball shape
evaluation the dedicated tests have been performed to develop the relation between fire shape
and MVs values.

The AGAM system gave the 12 independent values for 12 temperature zones in which the
AGAM measuring surface was divided. The temperature values from 12 zones have been
transferred into shape categories, which were described by use of three parameters listed
below:
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* the position of temperature hot spots indicating the maximum temperature
* intensity is evaluated as average temperature for a given temperature profile
* the dispersion is calculated as standard deviation of AGAM temperatures for each zone

During the optimization process, the boiler operation conditions and combustion process
parameters were analyzed relying on standard measurements (steam temperatures, emissions,
etc.). Optimization in this phase was focused on finding the highest performance and optimal
fire ball shape. The different shapes were evaluated at low and high boiler load. Finally, the
monitored process parameters were related to the evaluated fire ball shapes. Figure 15 presents
the evaluated fire ball shapes at low and high load where the process performance was the
best.

Figure 15. Example of temperature profile after optimization at high (a) and low (b) load.

4.2. Combustion process analysis using CFD modeling

To simulate the OP-650 front-fired boiler operation a commercial CFD code ANSYS Fluent was
used. Furnace exit gas temperature measured by the AGAM system, located approximately 4
munder the furnace exit, was one of the key values used for verification studies. The simulation
results comparison were performed using average temperature as well as temperature profile.

4.2.1. Numerical model of front-fired boiler

To create the three-dimensional geometry and the numerical mesh, ANSYS Design Modeler
and ANSYS Meshing software was used [59]. Quality of mesh is one of the most important
factors in the numerical simulation of the large-scale boilers [60]. A body-fitted mesh was
created containing mostly hexahedral elements and mesh quality was evaluated based on the
two parameters:

* Orthogonal Quality —defining to what extent the mesh is not orthogonal. The best cells are
close to 1. In the generated mesh minimum orthogonal quality was 0.2, with an average
value of 0.95.

* Aspect Ratio—defining the ratio of cell sizes in different dimensions. Presented mesh is
characterized with maximum aspect ratio of 7 and with the average value equal to 1.4.
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Because of the discrepancy of scale between the burner and of the larger volume of the boiler,
the geometrical model was subdivided into fine-grid regions around the burners and coarser
regions elsewhere. In order to facilitate the meshing process, the circular drop tubes have been
replaced by rectangular ones and the platen superheaters have been modeled as zero-thickness
horizontal planes. A mesh independence analysis was performed for the initial mesh consisting
of 4.0 million control volumes. Reduction of cell number to about 3.3 million did not substan-
tially change the predicted temperature field and this number of cells was selected to obtain
compromise between solution accuracy and computational time. Computational domain and
numerical mesh close to the swirl burners region is shown in Figure 16.

{a) (k)

H=34%m

Figure 16. CFD geometrical model of a front-fired boiler (a) and the mesh in burners’ region (b).

Simulations were conducted for a boiler load equal to 200 MWe (90% of nominal load). Two
cases have been considered: before and after optimization process. Operating conditions have
been collected from power plant online monitoring system by averaging 2-hour measurements
during steady-state boiler operation. Air/fuel distribution, temperatures, and pulverizers’
activity are presented in Table 3.

4.2.2. Results of numerical simulation

A tool being able to measure not only the average value, but also the temperature field isneeded
for a comprehensive CFD model validation. The aggressive environment, ash particles, high
temperatures, and large dimensions of the boiler make temperature measurement a complex
task [61]. Traditionally used suction pyrometry is extremely accurate and provides information
of local temperatures only [62]. In order to account for a dynamic and turbulent environment
in the combustion chamber, representative temperature distribution can be obtained only by
performing simultaneous measurements. Number of available test ports poses a technical
limitation. A turning point in accuracy assessment of CFD furnace models came with Acoustic
Pyrometry [63]. This technology can provide average value in the selected cross-section. A
detail validation study of the CFD model by comparison of computations against Acoustic
Pyrometry measurements was demonstrated in [19].
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Before optimization

Burner level I Burner level IT Burner level I1I Sum:
Not active burner/mill All active E2, E3 El, E4
Coal (kg/s) 9.17 6.55 8.46 24.18
Core air (kg/s) 0.88 0.88 0 1.76
Primary air (kg/s) 25.41 16.24 34.08 75.73
Secondary air (kg/s) 6.16 6.16 3.52 15.84
Tertiary air (kg/s) 9.02 9.02 0 18.04
OFA I (kg/s) 31.27 31.27
OFA III (kg/s) 22.99 22.99
Protective air (kg/s) 35.81 35.81
Bottom air (kg/s) 4.6 4.6
Total air (kg/s) 206.05 206.05
Total air excess 111 1.11
Burner belt air excess 0.6 0.6
Primary/secondary 386/573
air temperature (K)
After optimization

Burner level I Burner level 11 Burner level III Sum:
Not active burner/mill All active E2, E3 El, E4
Coal (kg/s) 9.39 6.55 8.59 24.53
Core air (kg/s) 0.96 0.96 0 1.92
Primary air (kg/s) 24.67 16.09 33.36 74.12
Secondary air (kg/s) 6.72 6.72 3.84 17.28
Tertiary air (kg/s) 9.83 9.83 0 19.66
OFATI (kg/s) 31.92 31.92
OFA III (kg/s) 23.47 23.47
Protective air (kg/s) 35.95 35.95
Bottom air (kg/s) 4.69 4.69
Total air (kg/s) 209.01 209.01
Total air excess 111 1.11
Burner belt air excess 0.6 0.6
Primary/secondary 386/573

air temperature (K)

Table 3. Boundary conditions.

To show the temperature field variation over the surface, an area-based and mass-based

ui

mass)

uniformity indexes (Ul

area’

of temperature distribution were used:
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where subscript i is the denoting facet defining the surface, N is the total number of facets (12
zones for AGAM, 2260 facets for CFD), T,y is the average temperature in the cross-section
plane (K), A is the cross-section area (m), p is the density (kg/m®), and w is the velocity (m/s).

The mass-based average temperature in the cross-section plane is defined as:

IR
nass zil(pi “w, - Al_)

(1)

average,

For the calculation of mass-based uniformity index, the values of average densities and
velocities in 12 AGAM zones were taken from CFD results as no such measurements were
available. CFD prediction of temperature distribution parameters are presented in Figures 17
and 18.

(a) AGAM (b) D
Tormenge ® 1240°C Turmunge = 1238 °C e
Standard Deviation = 161 °C Standard Deviation = 164 °C
Area Baged Unifarmity Index = 91% Area Based Uniformity index = 34% 1
fromt wall Mass Based Uniformity Indes = 80% front wall Mass Based Uniformity Inde = 78% s

right wall

0 2 4 & B 14 16 18

rear wall

10 12

Figure 17. Comparison of temperature contours (°C) measured by acoustic gas temperature measuring system (a) with
CFD simulation results (b)—before optimization.

Ul values of one indicate the highest uniformity. The area-based UI calculated from measure-
ments exceeds 90% for both cases, which means that no significant gradients exist. Measured
standard deviation was 161°C and 164°C for 200 MWe before and after optimization, respec-
tively. A conclusion is that that a more uniform temperature distribution was achieved after
optimization process. The temperature homogeneity is important also for platen superheaters
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(a) AGAM (b) oD
Voo = 1266°C Timcsee = 1232°C
Standard Deviation = 158°C Standard Deviation = 149 °C
Area Based Uniformity Index = 95% Area Based Uniformity Index = 92%

front wall pass Based Uniformity Index = 77% front wall Mass Based Uniformity Index = 76%

2 M & & M

right wall

0 2 4 8 8

10 12 14 18 18

Figure 18. Comparison of temperature contours (°C) measured by acoustic gas temperature measuring system (a) with
CFD simulation results (b)—after optimization.

operation, which are located above the combustion chamber. High value of area-based UI
indicates relatively uniform distribution of radiative heat flux. The mass-based UI of temper-
ature distribution can be associated with convective heat transfer. Calculated values of 77%
and 79% suggest less evenly distributed convective heat flux in comparison to the radiative
one. The differences of temperature distribution inside the combustion chamber are presented
in Figure 19.

(b)

Figure 19. Iso-surface of temperature equal to 1600K before (a) and after (b) optimization.
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After optimization the measured average temperature was 34°C higher than calculated
temperature, which corresponds to 3% relative error where before optimization the difference
was only about 2°C. Since the heat transfer in the furnace is highly dependent on the emissivity
of the furnace wall, the choice of this value has significant influence on the calculated average
temperature. All the results presented in this paper correspond to wall emissivity equal to 0.7.
More detailed description of thermal wall boundary conditions can be introduced using
deposition model with thermal properties submodel [55].

In addition to the verification of calculated temperature distributions, comparisons were also
made of the basic values measured during boiler operation. Average values of CO, NO,, and
UBC were determined at the outlet plane of the model and compared with measured values
before and after the optimization process (Table 4).

The results of numerical simulation and measurement confirmed the favorable effect of the
combustion optimization process on the values received at the boiler outlet. By changing the
operating conditions value of CO, NO,, as well as the unburned carbon in ash was reduced.

Before optimization

T s (°C) CO (ppm) NO, (mg/m’) UBC (%)
Calculations 1238 266 252 4.54
Measurements 1240 245 237 2.53
After optimization

T s (°C) CO (ppm) NO, (mg/m’) UBC (%)
Calculations 1232 258 247 4.4
Measurements 1266 245 223 2.5

Table 4. Comparison of calculated and measured results.

4.3. Results of optimization process

The optimization performance evaluation was done by analyzing historical data collected from
2 months test. The method of analysis consists of results comparison before and after optimi-
zation. The results are presented as mean values of boiler efficiency (Figure 20) and UBC
content (Figure 21) in function of unit load in range from low load (135 MWe) to maximum
load (225 MWe). The measuring data has been prepared before analysis and only the repre-
sentative data has been chosen to evaluate the results.

The results of performed tests indicate that boiler efficiency can be increased approximately
by 0.2%, thanks to the optimization of boiler operation conditions. The biggest improvement
of boiler performance can be achieved at high loads even by 0.6%. The lowest increase of
efficiency is observed for temporary states when the time of boiler operating is shorter than at
nominal load. All the effects presented above have been obtained keeping the NOx emission
and total organic carbon content in ash at the correct level.
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Figure 20. Boiler efficiency as a function of unit load, before and after optimization.
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Figure 21. Live steam temperature as a function of unit load, before and after optimization.

Thermal boiler efficiency depends largely on the steam parameters at the boiler outlet. In the
case of exceeding defined value, spray attemperators are launched. This process reduces the
overall efficiency of the boiler and the amount of spray water has to be minimized. If the steam
temperature is below the required value, parameters of the working fluid at the turbine inlet
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are lower, reducing the overall process efficiency. The measurement results of live and reheated
steam temperatures as a function of unit load are shown in Figures 21 and 22.

According to dynamic load changes profile and frequent change of mill unit configuration in
operation those temperatures could differ from the reference value (540°C) to over 20-30°C.
At low load (135 MWe) those temperatures could drop even below 520°C. At high load (225
MWe) the temperatures reach the 540°C level but with support of significant spray water flow.
The results of steam temperature analysis (before and after optimization) confirm the positive
effect of optimization. Temperature values of live and reheated steam are close to the required
temperature 540°C in the full range of unit load. Also, the temperature variations of steam in
transition states, between minimum and maximum load, were eliminated. Optimization of
reheated steam temperature has a significant effect on the boiler efficiency. Due to the low
pressure of reheated steam in comparison with live steam, temperature has large influence on
the total energy amount generated inside the boiler.
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Figure 22. Reheated steam temperature as a function of unit load, before and after optimization.

The observed parameter during optimization process was temperature of live and reheated
steam measured on the left and on the right side of boiler outlet, to underline that symmetry
process also requires optimization. Optimization of symmetry process in practice means the
minimization of differences between left and right side of the boiler in: coal flow, live and reheat
steam temperatures, as well as flue gas temperature measured by AGAM and O,, CO, and
NOx contents in flue gases. Thanks to the optimization process, the differences of steam
temperature at the boiler outlet between left and right side were significantly reduced. This
effect is observed for both live and reheated steam.
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5. Conclusions

The results of experimental and numerical research of coal combustion process in front-fired
pulverized coal boiler are presented in the paper. The experimental part was focused on coal
combustion optimization to achieve better performances of electricity production process. The
main goal of the work was the increase of thermal boiler efficiency based on the advanced
monitoring technique of boiler operation conditions.

The experimental research was conducted on the front-fired pulverized coal boiler OP-650,
located in EDF Polska Rybnik Power Plant. In the optimization process, the modern measure-
ment systems of flue-gas temperature distribution and fuel-air distribution were used. The
acoustic gas temperature measurement system allows to online monitor temperature distri-
bution at furnace exit. The optimal combustion process was identified by uniform temperature
distribution measured in online mode. To modify temperature distribution and properties of
fire ball, the control system of coal and secondary air mass flow rate has been used. The
comparison of results, before and after optimization process, indicates that the boiler efficiency
can be increased approximately by 0.2% in the full range of unit load. The rise of boiler
efficiency can reach up to even to 0.6% at the nominal load of boiler. Ensuring symmetry of
the combustion process by online measuring of temperature distribution allows to reduce the
differences between the outlet steam temperature at the left and right of the boiler.

To verify the impact of operating conditions on the temperature distribution as well as CO,
NO,, and TOC content in flue-gas, the numerical investigation using computational fluid
dynamics modeling was done. To validate results of modeling, the acoustic gas temperature
measurements in the form of temperature distribution at the furnace exit was used. The results
of numerical simulations were compared with measured values. Good accuracy between
numerical and experimental results was observed.

Results of numerical simulations conducted for the two states, before and after optimization,
confirmed combustion process improvement by optimization of boiler operating conditions.
Boundary conditions included in numerical models were based on values from power plant
online monitoring system, before and after optimization process. Reduction of CO, NO,, and
TOC content in flue-gas by changing boundary conditions according to the measured values
was confirmed. The numerical modeling provides also new important results of combustion
process as, e.g., temperature distribution inside whole chamber of boiler.

Based on the results provided by modern measuring systems and complex CFD analysis, it
becomes possible to effectively monitor the combustion process and indicate new guidelines
(including changes in procedure of automatic control systems) to ensure the optimal operation
of the boiler. The online monitoring systems allow to improve the combustion process through
the uniform coal and air supply into the boiler. The effects of the change may increase boiler
thermal efficiency keeping the NO, emissions and TOC content at the correct level. The
combination of these powerful tools can be used more often by the researchers working on the
combustion process improvement as well as by the boiler manufacturers.



A Combustion Process Optimization and Numerical Analysis for the Low Emission Operation of Pulverized Coal-Fired
Boiler
http://dx.doi.org/10.5772/64442

Acknowledgements
This research was partially funded from GEKON program by the National Center of Research

and Development and the National Fund for Environmental Protection and Water Manage-
ment under research and development project No. GEKON1/02/213655/9/2014.

Nomenclature

Abbreviations

AGAM

CFD Computational fluid dynamics

cv Controlled variable

DAF Dry ash free

DCS Distributed control system

DO method Discrete ordinates method

EDC Eddy dissipation concept

FD Forced draft

FG-DVC model Functional-group depolymerization vaporization cross-linking model
ID Inducted draft

LHV Low heating value

LOI Loss on ignition

MV Manipulated variable

OFA Opver fire air

PC boiler Pulverized coal boiler

PF Pulverized fuel

PID Proportional-integral-derivative controller
PDF Probability density function

PSR Perfectly stirred reactors

RTE Radiative transfer equation

SILO software Stochastical Immunological Layer Optimizer software
TDP Tabulated devolatilization process

TOC Total organic carbon

UBC Unburned carbon

VM Main controller

WSGGM method Weighted sum of gray gases method

Acoustic gas temperature measurement system
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Symbols

A cross-section area, m?

As empirical constant dependent on the fuel, kg/(m*s-atm)
acoustic constant, m?/(s>K)
molecular diffusion coefficient, m?/s

, particle radius, m

D, diffusion coefficient, m?/s

dP differential pressure, Pa

foo volatile fraction

f mixture fraction

f mean mixture fraction

f!lz

mixture fraction variance

fs stoichiometric mixture fraction
h enthalpy, kJ/kg
hy enthalpy on the lean side of f;, kJ/kg
g enthalpy on the rich side of f;, kJ/kg
hoy enthalpy of oxidizer at f=0, k]/kg
Nl enthalpy of fuel at =1, kJ/kg
hg enthalpy of products at the stoichiometric mixture fraction f;, kJ/kg
h mean enthalpy, kj/kg
I radiation intensity, W/sr
k devolatilization rate, 1/s
! distance between transmitter and receiver, m
M molar mass of gas in Eq. (3), kg/kmol
M molecular mass
o initial particle mass, kg
Wi average mass fraction of the species i
total number of facets
0,, oxygen set point at the boiler outlet
O,,(Mp) oxygen value as a function of steam mass flow rate

M,AO,,(0) difference of oxygen content at the left and right side of boiler outlet

R universal gas constant, kJ/(kmol-K)
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Re kinetic reaction rate, kg/(m?s-atm)

R aiee diffusion rate, kg/(m*s-atm)

Ros O, controller

R, secondary air controller

T gas temperature, K

T, particle temperature, K

T, bulk temperature, K

U, unburned carbon in particle

ui uniformity index

u; velocity in direction of i, m/s

Ve total air flow rate

Ve, V, air flow rate on the right and left side of boiler
v speed of sound in Eq. (3), m/s

w velocity, m/s

Xon oxygen mole fraction

X; direction i in Cartesian coordinates system, m
y volatile mass fraction

Y fuel mass fraction

Y mass fraction of fuel at f=1

Yo oxidizer mass fraction

Yo, mass fraction of oxidizer at f=0

Yp products mass fraction

Y mass fraction of products of stoichiometric reaction at f= fg
Greek symbols

¢ turbulent kinetic energy dissipation rate, m?%/s*
e, coal particle emissivity

k  adiabatic index

k  absorption coefficient in Eq. (27), 1/m

v kinematic viscosity, m?/s

)

chemical reaction rate calculated from Arrhenius equation, kmol/m?/s
phase function, 1/sr

ratio of the reacting surface to the surface of the sphere

© © 9

density, kg/m?®
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o scattering coefficient, 1/m

T time of delay, s

*

7* residence time, s

Subscripts

0 initial

c carbon

f fuel

L lean side

O, oxygen

Ox oxidizer

Ox oxidizer
coal particle

R rich side

S stoichiometric
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Abstract

As one of the most important primary energy, bituminous coal has been widely applied
in many fields. The combustion studies of bituminous coal have attracted a lot of
attention due to the releases of hazardous emissions. This work focuses on the
investigation of combustion characteristics of Shenmu bituminous pulverized coal as a
representative bituminous coal in China with a combined TG-MS-FTIR system by
considering the effect of particle size, heating rate, and the total flow rate. The
combustion products were accurately quantified by normalization and numerical
analysis of MS results. The results indicate that the decrease of the particle size, heating
rate, and the total flow rate result in lower ignition and burnout temperatures. The
activation energy tends to be lower with smaller particle size, faster heating rate, and
lower total flow rate. The MS and FTIR results demonstrate that lower concentrations
of different products, such as NO, NO,, HCN, CH,, and SO, were produced with
smaller particle size, slower heating rate, and lower total flow rate. This work will guide
to understand the combustion kinetics of pulverized coals and be beneficial to control
the formation of pollutants.

Keywords: bituminous coal, combustion characteristics, TG-MS-FTIR technique, par-
ticle size, heating rate, flow rate

1. Introduction

Coalis one of the most important primary energy for last whole century and future decades. As
the foundation of the application of coal, the research on bituminous coal combustion has never
been stopped. Different kinds of bituminous coals with multitudinous research instruments
and methods for the investigation of coal combustion characteristics have been carried out for
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years. Peng and Wu [1] studied the bromine release from bituminous coal during combustion.
They used the sequential chemical extraction method to investigate the modes of occurrence of
bromine in bituminous coal by a tube furnace. The results showed that the bromine release rate
increased with theincrease of temperature, and 500-900°C was the main stage of brominerelease.
They also concluded that water vapor can promote the Br release and the additive of 5iO, can
capture the bromine effectively in the process of the coal combustion. Tsuji et al. [2] studied the
combustion emission of one bituminous coal from Australia and two high-ash coals from South
Africa on different blending ratios by an advanced low NO, burner. They concluded that the
NO, emission characteristic from bituminous coals was similar to these two high-ash coals. The
combustion efficiencies on the bituminous coals were higher than those of the high-ash coals.
Molina and Shaddix [3] studied the influence of enhanced oxygen levels and CO, bath gas on
single-particle pulverized coalignitionofaU.S. eastern bituminous coal. For theignition process
observed in the experiments, the CO, results were explained by its higher molar specific heat
and the O, results were explained by the effect of O, concentration on the local mixture reactivity.
The experiments showed that a lower O, concentration and the presence of CO, increased the
ignitiondelay timebuthad nomeasurableinfluence on the time of complete volatile combustion.
Gao et al. [4] performed an online analysis of the soot emissions from the Inner Mongolia
bituminous coal combustionand pyrolysis processes withavacuumultraviolet photoionization
aerosol time-of-flight mass spectrometer. They concluded thatatlower oven temperatures (<873
K), the soot particles generated in combustion processes contained more oxygen-containing
PAHSs (O-PAHs). Athigh temperatures, however, the soot particles from combustion contained
mainly PAHs without any functional groups. Yu et al. [5] studied the characteristics of char
particles and their effects on the emission of particulate matter (PM) from the combustion of a
Chinesebituminouscoalinalaboratory-scaledrop tube furnace. The coalsamples weresubjected
to combusted in 20 and 50% O, at 1373, 1523, and 1673 K, respectively. The results showed that
coal particlesizeand pyrolysistemperaturehad asignificantinfluence onthe char characteristics.
Theinfluence of combustion temperature on supermicron-sized PM emission greatly depended
onthe oxygen concentration. Among variouskinds of bituminous coals, the Shenmubituminous
coal (SBC) has been adopted as one of the most widely used bituminous coals in China [6-8]
since it has the advantages of excellent thermal stability, high calorie, and huge reserves. The
investigation of the combustion characteristicsis essential tounderstand the combustion process
and control the pollutant products.

In recent years, SBC has been studied in terms of its burning and gasification properties. In
2003, Sun et al. investigated the thermogravimetric (TG) characteristics of SBC and reported
that vitrinite had higher volatile matter yield, maximum weight loss rate, and lower initial
decomposition temperature and peak temperature than that of inertinite. Compared to
pressure and heating rate, the temperature has a more important impact on the devolatilization
of SBC [9]. With TG analysis, Zhao et al. studied the ignition temperature (T},), maximum
reaction temperature (T,,,), burning rate, burnout temperature (T,,.), and combustion
features of SBC coal and coke fine mixed sample. The results showed that with the increase in
the coke fine content, T, of the coal and coke fine mixture, the caloric value of the sample, and
T.x Would increase, while the burning rate would decrease [10]. Yang et al. studied the SBC
ash’s physicochemistry with temperature on the basis of TG-differential scanning colorimetry
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(TG-DSC) methods. The results indicated that the SBC ash could convert into an eutectic at
low temperatures [11]. Chang et al. investigated the formation of nitrogenous products from
the gasification of SBC in a fluidized-bed/fixed-bed reactor [7]. More recently, Yang et al.
investigated the SBC’s characteristics of combustion and nitrogen oxide (NO,) release in a
fixed-bed reactor [12]. The composition of the flue gas was analyzed to investigate the effect
of sodium acetate on the combustion process and NO, emission. Sodium acetate was observed
to reduce NO, emissions due to their special reactions with the nitrogen-containing species
[12]. Even though the maceral groups, characteristic temperature, ash’s physicochemistry, and
nitrogenous products of SBC have been studied, a systematic study regarding the most
important conditions such as the effect of particle size, heating rate, and total flow rate on its
combustion characteristics is scarcely available in the literature. Mass spectrometry (MS) and
Fourier transform infrared spectroscopy (FTIR) are widely used in multicomponent analysis
in energy chemical industry and are suitable to be combined with TG and the gas chromato-
graphic method [13]. It is efficient and reliable to use the TG-MS-FTIR system for numerical
analysis of the combustion characteristics of coal. In the current work, the combustion
characteristic of SBC was comprehensively studied with the online TG-FTIR-MS system. The
products formed in the combustion of SBC were accurately qualified and quantified by
considering the electron impact ionization cross sections, ion flow intensities, and the partial
pressures of different species. The condition-characteristic relationship among the particle size,
heating rate and total flow rate and ignition, and burnout temperature as well as activation
energy was addressed. With the comprehensive use of TG-FTIR-MS, the detailed combustion
characteristics of SBC have been presented for the first time. Such strategy will supply a
significant guidance for the real use of SBC and other solid fuels in the future.

2. Materials and methods

2.1. Coal samples

The SBC samples were bought from Shenmu Energy Developments Ltd Company and
grinded into powder with different sizes. Before test, the sample was put into drying oven
at a temperature of 105°C for 90 min. Then, the coals were sieved to a particle size of lesser
than 40, 90-100, 128-180, 280-355, and 355-500 um. To identify the phases of SBC, X-ray
diffraction (XRD) patterns were recorded using Bruker D8 Focus at 40 kV and 150 mA with
Cu Ka (A =0.154056 nm) radiation. By referring to the Joint Committee on Powder Diffraction
Standards (JCPDS) database cards which have also been called power diffraction file (PDF),
the crystalline phases were identified. The samples were scanned in step of 0.02° (20) over
the range of 5-90°. By comparing with standard PDF, it was found that the coal samples are
mainly composed of CaCO,, SiO,, and kaolinite as shown in Figure 1. The existence of
carbonate could be the main reason to form the weak weight loss peak at the end of the
combustion processes.
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Figure 1. XRD patterns of SBC.

The elements of SBC samples were identified by the coal proximate analyzer as shown in
Table 1. M4, A,y V.4 FC,y and Q4. Tepresent the moisture, ash, volatile, fixed carbon, and
low calorific capacity in air-dried basis, respectively. C.4, H,4, O,4 Ny, and S,4 represent carbon,
hydrogen, oxygen, nitrogen, and sulfur elements in air-dried basis, respectively.

Proximate analysis Ultimate analysis
M, Aua Vaa FC, Qudnet Caa Hyy 0.4 Naa S.a
(%) (%) (%) (%) (KJ/kg) (%) (%) (%) (%) (%)
6.53 10.41 32.40 50.66 26,120 66.70 4.11 10.79 1.04 0.42

Table 1. The proximate analysis and ultimate analysis results of SBC.

2.2. Comprehensive test

The tests of SBC combustion characteristics were performed with the TG-MS-FTIR system
which comprises a TG analyzer (STA-449F3, Netzsch), a mass spectrometer (QMS403C,
Aeolos), and an FTIR spectrometer (Tensor 27, Bruker). The combined system was controlled
simultaneously and data were recorded by a computer as shown in Figure 2. Due to the TG’s
limit of highest heating temperature and heating rate, the highest heating temperature was set
at 1200°C and the heating rate were set at 10, 20, 30, and 40°C/min. Considering the oxygen
demand for complete combustion of 10 mg SBC samples within the limitations of TG, the total
flow rates were set at 50, 100, and 150 sccm. The tests were carried out in four steps. First, an
SBC sample of about 10 mg was dispersed on a circular alumina pan and the air in TG chamber
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was replaced with a gas mixture which consists of 20% O, and 80% Ar. The supplied O, was
much more than the theoretically needed for the complete oxidation of the SBC sample but
was similar to the air. Second, the samples were heated with a heating rate of 10°C/min from
40 to 110°C and kept for 30 min. Third, the samples were heated to 1200°C by four heating
rates, namely, 10, 20, 30 and 40°C/min, respectively. Finally, the whole temperature-rising
program was finished after an isothermal process of 10 min. Three total flow rates (50, 100, and
150 sccm) containing 20% O, and 80% Ar were sent into the TG chamber during the whole
heating processes. The detailed experimental conditions are summarized in Table 2.

I
(W ]—O0,
5 E—AI’
== ¢
FTIR
TG H
MS =7
— ==
PC
Figure 2. Scheme of the TG-MS-FTIR system.
Condition Mass (mg) Flow rate (sccm) Heating rate (°C/min) Particle size (um)
0, Ar Ar
1 9.411 20 60 20 20 0-40
2 10.248 20 60 20 10 90-100
3 9.788 20 60 20 20 90-100
4 9.348 20 60 20 30 90-100
5 9.589 20 60 20 40 90-100
6 9.251 20 60 20 20 125-180
7 10.246 20 60 20 20 280-355
8 9.786 20 60 20 20 355-500
9 9.341 10 20 20 20 90-100
10 9.864 30 100 20 20 90-100

Note: Protective gas of TG is 20 sccm Ar constantly.

Table 2. Experimental conditions.
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2.3. Data treatment

2.3.1. Characteristic temperature

The ignition characteristic of SBC is analyzed based on T;,. In the present work, T, is deter-
mined by the commonly recognized TG-DTG methods [14]. T}, is defined as the temperature
with 98% total weight loss. T,,,, referring to the temperature at which combustion product
own maximum volumetric flow, was also determined through numerical analysis.

2.3.2. Kinetic analysis

The combustion kinetic parameters from TG data are calculated by the Coats-Redfern method
[15]:
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where a = (my —m)/(m; —m,) is the weight loss ratio; m refers to the sample mass; m and
m, represent the initial mass and the final mass, respectively; 8 is heating rate, K-min™; Ris

the gas constant; E stands for activation energy, J'-mol™; A is the frequency factor, min™; and n

refers to the order of reaction. In general, the item ZR%T < <land (1- ZR%T) ~ 1. As the first

item of the right side of equations is nearly a constant, the two equations should result in a
straight line of slope. E can be deduced through calculation with the slope.

2.3.3. Products analysis

To obtain the volumetric flow rates of the products during the oxidation of SBC, both MS and
FIIR were used. In order to provide accurate quantitative analysis, a novel method of equiva-
lent characteristic spectrum analysis was employed and the details of such method can be
found elsewhere [16]. In the MS analysis, argon was used as a reference gas to calibrate the
products by considering the electron impact ionization cross sections, ion flow intensities, and
the partial pressures of different species. The characteristic spectra and relative sensitivity were
deduced. The effect of initial coal weight on the formation of products was excluded by
normalization of the coal weight.

Derivative thermogravimetry (DTG) curve is a very important result of SBC because DTG can
reflect the change of combustion rate directly and it was related to the acquirement of ignition
temperature, burnout temperature, and combustibility index. Since the mass loss of sample
mainly comes from the decomposition of volatiles in the coal samples, the DTG calculated from
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MS results of combustion products should be consistent with the DTG results measured by
TG analyzer. As a representative, Figure 3 compares the DTG curve calculated from MS results
and measured TG results under condition 4 (see Table 2). The results indicate that the
calculated MS results are in good agreement with the measured ones. The relative uncertainty
was estimated to be +2.6% [16].
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£ [» Experimental result
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Figure 3. Comparison of DTG curves from calculation and experiment.

3. Results and discussion

3.1. TG/DTG results

Figure 4 presents the TG/DTG curves obtained in the combustion of SBC samples. As tem-
perature increases, the coal sample could proceed with several steps, including devolatiliza-
tion, coke formation, and coke combustion. The peak of maximum weight loss moves toward
high temperatures gradually and the peak value decreases slightly as the particle size increases.
The combustion rate depends on the diffusion and reaction ability. During the rapid combus-
tion processes, the major factor affecting the combustion is diffusion ability. As the particle size
increases, the contact surface area decreases, which would inhibit the diffusion of oxygen and
make the devolatilization and combustion difficult. As a consequence, the devolatilization
occurs at higher temperatures and the value of weight loss peak decreases.

Compared to particle size, heating rate has more apparent effect on the characteristics of weight
loss. As the heating rate increases, the peak of weight loss moves toward high temperatures.
In addition, the peak values and residues decrease as well. Since diffusion ability is the
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dominant factor in affecting the combustion process, longer contact time of sample surface and
oxygen could contribute to SBC conversion. Furthermore, longer time is needed to reach the
same temperature at slower heating rate relative to faster one. For instance, the time needed
to reach 1200°C at 10°C/min is four times as the time needed to reach 1200°C at 40 °C/min.
Thus, the burnout time with low heating rate is longer. Sufficient contact of particles and
oxygen is beneficial for the combustion process, and the maximum value of weight loss
occurred at lower temperatures and the maximum weight loss shifted to larger values [17]. It
is clear that there is a small weight loss peak within 600-700°C. This weak peak could come
from the decomposition of carbonate in the coal samples. In addition, the TG/DTG results of
different total flow rates are observed to be quite similar as displayed in Figure 4c. As the
oxygen supplied is much more than that theoretically needed for the complete combustion,
the weight loss characteristics are insensitive to the diverse total flow rate changed in experi-
ments.
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Figure 4. TG and DTG curve of SBC combustion with different particle sizes, heating rates, and total flow rates.

3.2. Characteristic temperatures

The characteristic temperatures obtained in the combustion of SBC at different particle sizes,
heating rates, and total flow rates are shown in Figure 5. As indicated in Figure 5a, both T,
and T, fall down as the particle size decreases, which is consistent with the results reported
by Zhang et al. [18] for Yuanbaoshan and Datong coal and Zhou et al. [19] for Lengshuijiang
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coal and lean coal. According to Zhang et al. and Zhou et al., the decrease of particle size could
lead to larger surface area to expose to oxygen. The same behavior could occur to SBC and the
larger surface area of SBC sample with smaller particle size would endow it with lower T, and
Tbum'
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Figure 5. Characteristic temperatures of SBC combustion with different particle sizes, heating rates, and total flow
rates.

Figure 5b displays the characteristic temperature as a function of heating rate. T}, T, and
Tyum tend to decrease slightly as the heating rate decreases, which agrees well with the
conclusion drawn by Lu et al. [20] for Qilianta coal. This is due to the fact that the thermal
conduction in coal particle at lower heating rate is better than that at higher ones. With the
increase in temperature, the diffusion becomes better, which is helpful to the devolatilization
and results in lower T, Moreover, the reaction time is more sufficient at slower heating rate.
As the plugging of the surface pores is avoided, it is more difficult to form ash cladding, which

could give rise to a lower Ty, [21].

For the total flow rate, a slight increase of T, is observed with large total flow rate (see
Figure 5¢). This slight increase mainly comes from shorter residence time of O, on the surface
of coal particles at higher total flow rates. Even though more oxygen reached the coal surface,
the higher speed of oxygen molecule makes the adsorption of oxygen more difficult. As the
supplied O, was much more than the theoretically needed for the complete oxidation of the
SBC sample, the influence of oxygen flow on the complete combustion and maximum
combustion speed is not obvious. As a consequence, both T;,,, and T, exhibit similar values
in the combustion of SBC at different total flow rates.

3.3. Activation energy

Figure 6 summarizes activation energy (E) of SBC with variation of particle size, heating rate,
and total flow rate. E tends to be low with the increase in the heating rate, decrease in the
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particle size, and the total flow rate. As the particle size decreases, the surface area increases,
which would result in more contact area with oxygen and better thermal reactivity. Thus,
energy transfer from outside to inside rapidly increases, and the value of E decreases. When
the total flow rate increases, the contact time of oxygen and sample surface will be shortened
and the value of E increases. On the other hand, the temperature will rise quickly with fast
heating rate and the oxidation of coal could become easier. The lower energy barrier makes
the oxidation easier [22-24]. This finding also shows good agreement with the conclusion
drawn by Lu et al. [20] for different kinds of coals. Similar to the tendency of T, E decreased
when the total flow rate turned lower. The adsorbability of oxygen on the coal particle surface
is better with lower total flow rate, which could be responsible for the decrease in the energy
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Figure 6. Activation energies of SBC combustion with different particle sizes, heating rates, and total flow rates.

3.4. MS and FTIR results

The volumetric flows of different combustion products at different temperatures can be
obtained by normalization and numerical analysis of MS results. The maximum volumetric
flows of different combustion products as well as the corresponded temperatures (T,,) are used
to explore the formation rule of emitted pollutants. Table 3 shows the maximum volumetric
flows of CH,, NH;, NO, HCN, NO,, and SO, as well as the corresponded T,,. By comparing
the results obtained with different particle sizes, the listed species tend to be less produced
with smaller particle sizes. In view of the heating rate, lower amounts of these products were
measured at lower heating rate. As far as the total flow rate is concerned, the quantity of these
species becomes lower when the total flow rate is smaller. In general, T,,, is insensitive to the
particle size. However, the increase in the total flow rate normally results in smaller T,,. With
the increase in the heating rate, T, of NO, NH;, and HCN tends to be higher, while T, of SO,
becomes lower. To summarize, lower concentrations of CH,, NH;, NO, HCN, NO,, and SO,
were observed at smaller particle size, slower heating rate, and higher total flow rate.
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No. CH, NH, NO HCN NO, SO,
Value T, Value T, Value T, Value T, Value T, Value T
(slm) (°C) (slm) (°C) (slm) €O (slm) (°C) (slm) Q) (slm) Q)

1 4.08E-05 442 3.61E-04 318 4.72E-05 493 5.05E-04 452 6.14E-05 431 6.38E-06 400
2 3.53E-05 427 241E-04 309 3.56E-05 458 3.68E-04 443 4.17E-05 438 4.52E-06 402
3 591E-05 440 2.81E-04 305 7.69E-05 492 3.09E-04 451 6.41E-05 440 7.73E-06 388
4 6.51E-05 437 2.17E-04 307 6.46E-05 494 494E-04 453 9.84E-05 429 837E-06 379
5 5.06E-05 430 3.41E-04 337 140E-04 507 397E-04 512 129E-04 439 1.24E-05 350
6 7.27E-05 453 4.23E-04 338 4.60E-05 494 6.74E-04 463 7.10E-05 442 4.55E-06 400
7 794E-05 453 4.89E-04 306 6.97E-05 504 5.19E-04 453 7.43E-05 442 6.33E-06 410
8 796E-05 432 3.73E-04 317 495E-05 503 4.52E-04 463 7.20E-05 442 6.20E-06 390
9 9.75E-05 453 7.72E-04 327 9.44E-05 504 6.53E-04 463 147E-04 453 1.01E-05 400

10 3.76E-05 430 1.58E-04 316 4.32E-05 482 3.03E-04 472 499E-05 440 b5.75E-06 398

Note: T,, refers to the temperature at which the peak flow is obtained.

Table 3. Maximum volumetric flow of representative combustion products.

Figure 7 shows the volumetric flow rates of different species formed under condition 4 (see
Table 2). In the combustion of SBC, both NH; and HCN exhibited two-peak shapes. The peak
before T, comes from the devolatilization, whereas the peak after T;, mainly results from the
decomposition of nitrogen components in both coal volatile and char. Further increase in the
temperature led to the conversion of the two species into NO and NO,.

0.025
0.030 <
——HCN
NH:
- 00254 NO
E === NO2
~<g0204 o N b e COS
E ______ SG’E
g
Z 0.015 Particle siza: 90-100 pm
o Heating rate: 30 °C/min
0.010 4 Total flowrate: 100 sccm
0.005 -
0000 ——bosmis™ L A NN
0 200 400 600 BOO 100C

Tamparatura (°C)

Figure 7. Flow rates of major products.
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NO, exhibited a shoulder peak and an asymmetric single peak. The shoulder peak is due to
the weak release of NO, during devolatilization. The asymmetric single peak could result from
the conversion of nitrogen-containing heterocyclic species at the end of devolatilization and
the beginning of char combustion. However, the other nitrogenous components enriched in
char will release NO, during the rapid combustion of char. Less NO, emissions were observed
at smaller particle size, slower heating rate, and higher total flow rate. Similarly, the emissions
of SO, are relatively less than those formed with slower heating rate and higher total flow rate.
However, the amount of SO, is quite similar for the investigated particle size range, indicating
that it is insensitive to the particle size.
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Figure 8. Production of NO, (a, ¢, e) and SO, (b, d, f) with different particle sizes, heating rates, and total flow rates.

By comparing the formation of NO, and SO, with different particle sizes, heating rates, and
total flow rates shown in Figure 8, it is obvious that the amount of SO, production is much
lower than those of NO and NO,. To summarize, the SBC combustion with smaller particle
size, slower heating rate, and higher total flow rate is beneficial to controlling the formation of
pollutants. This finding is consistent with the results reported for Hegang, Tiefa, and Zhungeer
coals by Wei et al. [25] and Heshan sulfur coal by Jiang et al. [23, 26].

To visualize the formation of the major species and avoid the effect of ion fragmentation in
MS, FTIR with the spectral range of 500-5000 cm™ was involved in the current work.
Figure 9 presents a representative three-dimensional (3D) spectrum measured with a
particle size of 90-100 pm, a total flow rate of 100 sccm, and a heating rate of 20°C/min. The
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maximum absorbance peak is located at the wave number of 2380 cm™ corresponding to
the anomalistic vibration of CO,. Another obvious peak at 700 cm™ belongs to the bending
vibration of CO,. The peaks at 1375 and 3600 cm™ correspond to SO, and H,O, respectively.
By comparing the standard spectral peaks of different species, overlapped peaks were
observed. For instance, the peak between 1500 and 1800 cm™ should be the overlap of H,O
and NO [27, 28]. As can be seen in Figure 9, CO, becomes detectable at around 140°C. Up
to 200°C, a slow increase was observed. Another turning point was measured at about 375°C,
which also agrees well with the wave valley in the profiles of HCN and NH;. Besides CO,,
the fast production of the major species was achieved within the temperature range of 400
500°C, which is consistent with the rapid combustion temperature revealed in the MS
analysis. In order to show gradual change of specific species at different temperatures in
Figure 9, Figure 10 presents two-dimensional (2D) spectra. The peaks located at about 2380
and 3600 cm™ correspond to the CO, and H,O, respectively. By comparing different spectra
obtained at different temperatures, it is obvious that the maximum peak values of different
combustion products are located at the temperature of 450°C, corresponding to the rapid
combustion temperature. The spectra obtained at temperatures higher than 450°C exhibit
very weak peaks since the SBC samples were nearly burned out.
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Figure 9. 3D FTIR spectra with different wave numbers and temperatures.
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Figure 10. 2D FTIR spectra at different temperatures.

4. Conclusions

The combustion of SBC was comprehensively studied with the online TG-MS-FTIR system in
terms of characteristic temperatures as well as qualitative and quantitative analyses of
products. Five particle sizes ranging from 0 to 500 um, four heating rates from 10 to 40°C/min,
and three total flow rates from 50 to 150 sccm were used. To avoid the influence of overlap
peaks, signal drift, and dynamic response delay in ion current spectra during MS analysis,
argon was used as a reference gas to calibrate the products by considering the electron impact
ionization cross sections, ion flow intensities, and the partial pressures of different species. The
results indicate that the decrease in the particle size, heating rate, and flow rate lead to lower
ignition and burnout temperatures, while the activation energy tends to be lower with smaller
particle size, faster heating rate, and lower flow rate. The decrease in the particle size could
lead to more contact area with oxygen and better thermal reactivity. Slower heating rate could
provide more sufficient time for the reaction. Moreover, a higher total flow rate would reduce
the oxygen adsorbability on the coal particle surface at a higher flow speed. From MS and FTIR
analysis, lower concentrations of different products were observed to be formed at smaller
particle size, slower heating rate, and higher total flow rate. These findings will guide to
understand the combustion kinetics of SBC and be beneficial to control the formation of
pollutants.
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Abbreviations

Abbreviations Full name

A Frequency factor

A Ash in air-dried basis

Ca Carbon in air-dried basis

DSC Differential scanning colorimetry
DTG Derivative thermogravimetry

E Activation energy

FC,q Fixed carbon in air-dried basis
FTIR Fourier transform infrared spectroscopy
H.q Hydrogen in air-dried basis

M Sample mass

m, Initial mass

m., Final mass

M,y Moisture in air-dried basis

MS Mass spectrometry

N Order of reaction

N.q Nitrogen in air-dried basis

O.4 Oxygen in air-dried basis

PAH Polycyclic aromatic hydrocarbons
PDF Power diffraction file

Qaadinet Low calorific capacity in air-dried basis
TG Thermogravimetric

T Peak flow temperature

Ty Ignition temperature

T nax Maximum reaction temperature
Toum Burnout temperature

S.4 Sulfur in air-dried basis

SBC Shenmu bituminous pulverized coal
V.4 Volatile in air-dried basis

XRD X-ray diffraction

A Weight loss ratio

Heating rate

Gas constant
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Abstract

This study examined the potential of using waste tyre pyrolysis fuel oil as an industrial
burner fuel. The combustion characteristics of tyre-derived fuel (TDF) oil were
evaluated using Cuenod NC4 forced draught oil burner equipped with a built-in fuel
atomizer and an onboard control system. TDF oil obtained from a local waste tyre
treatment facility was blended with petroleum diesel (DF) at TDF volumetric concen-
tration of 40% (TDF,), which was tested against pure petroleum diesel and refined
modified tyre-derived fuel (TDF*). Critical combustion parameters such as thermal
power output, fuel consumption, flame stability, flue gas temperature, and emissions
were investigated to evaluate the performance of the combustion equipment. Using DF
as a reference fuel, it was observed that TDF,, required high air-to-fuel ratio (AFR) in
order to produce a stable flame with high flame temperature and less emissions. TDF*
produced a reasonably stable flame with less sulphur dioxide emissions compared to
TDEF,; however, its specific fuel consumption (SFC) was higher than that of DF. It was
also discovered that the burner’s SFC was higher when fuelled with TDF,,. Total
contamination and viscosity of TDF oil contribute significantly to the flow characteris-
tics of the fuel, resulting in reduced pressure and subsequently poor fuel atomization.
Rapid soot formation at atomizer nozzle was also observed when the burner was fuelled
with TDE,,. TDF oil and its derivatives (TDF*) produce SO,, NO, and CO emission levels
higher than the acceptable limits as prescribed by the European Air quality standard
(EU2015/2193). It was concluded that TDF oil could be used as a potential industrial
burner fuel if diluted with petroleum diesel fuel at TDF volumetric concentration of
<40% or any ratio that could adjust the viscosity level below 5.3 cSt. Fuel preheating and
multistage filtration system are also recommended to reduce total contamination and
water levels in the fuel mixture. Exhaust gas scrubbing is recommended due to
significantly high sulphur oxide emission in the flue gas.

Keywords: atomization, boiler, emissions, energy, flame
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1. Introduction

1.1. Background

Anongoingincreased fuel demand continues to speed up depletion of fossil fuel resources such
as crude oil and coal. The use of non-renewable fossil-derived fuels such as petroleum diesel
for power and energy production contributes toward a large global carbon footprint compared
to other cleaner renewable energy sources such as biogas, natural gas and biodiesel. Renewable
energy sources and various waste-to-energy initiatives are being explored globally; however,
most of these initiatives are inefficient and environmentally unfriendly. This continues to put a
lot of pressure on emerging countries to find cost-effective use of sustainable alternative fuels
in order to reduce dependency on fossil-derived fuels. It remains a challenge to develop
economical and sustainable solutions to derive fuels from waste streams or renewable sources
in order to supplement the traditional fossil-derived fuels. One of the methods is to produce
low-cost alternative fuels from waste tyres and rubber products through pyrolysis technology
and blend it with available commercial fuels.

There is an increasing interest in pyrolysis technology, especially for the treatment of waste
automotive tyres with the aim of producing alternative liquid fuel and solid char. This fuel is
traditionally used as heavy bunker fuel oil in environments where emissions control legisla-
tions are not very stringiest [1]. Previous research has shown that tyre-derived fuel (TDF) oil
has similar properties to petrochemical diesel fuel; hence, it has been tested in compression
ignition engines [2, 3].

TDF oil is produced through the thermal decomposition of rubber-based material in an
oxygen-depleted environment followed by a condensation of the vapors to yield a liquid fuel
[4-6]. In a continuous pyrolysis technology, shredded tyre chips are continuously fed into an
oxygen free reactor vessel, which is heated to temperatures of 570°C in a “continuous pyrolysis
reactor” as shown in Figure 1. The produced gases are contained and condensed into liquid
TDF oil (47 wt% of feed), and the remaining solid char (35 wt% of feed) is separated from steel
(10 wt% of feed) using a magnetic separator. A stream of uncondensed pyrolysis gas (5 wt%
of feed) is recycled into the process to heat up the pyrolysis reactor as shown in Figure 1. A
flue gas scrubber system is incorporated to remove toxic emissions from the flue gas stream
because the process uses TDF oil and excess pyrolysis gases to heat up the reactor vessel [7].
Waste tyre pyrolysis technology has been considered as an alternative method for disposal of
waste tyres while producing alternative fuel. Several studies have been carried out in the
production of TDF oil by various techniques. Rodriguez et al. [8] investigated pyrolysis of tyres
in a fixed-bed reactor at 500°C and reported that product oils consisted of 62 wt% aromatic
compounds, 31.6 wt% aliphatic compounds, 4 wt% nitrogen-containing compounds and
18,000 ppm sulphur-containing compounds. It has also been reported that the main difference
between the continuous and batch processes is in the yield of aromatics content, which is 43.5%
in the continuous process described in Figure 1 [9].
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Figure 1. Continuous waste tyre pyrolysis plant.

1.2. Tyre-derived fuel oil

TDF oil has similar characteristics to diesel fuel; hence, it has been demonstrated for use in
boilers, turbine and diesel engines; however, concerns with regard to its acidity, ignition
characteristics, clogging tendency and gaseous emissions have limited its commercial appli-
cation [10, 11]. Previous researchers have determined some properties of TDF oil such as
ultimate analyses, flash point, moisture content, density and viscosity. The results showed that
TDF oil had fuel properties similar to those of petroleum diesel fuel [12, 13]. Chromatographic
and spectroscopic studies on TDF oil also show that it can be used as liquid fuel, with a calorific
value of 43 MJ/kg [14].

TDF oil has generated significant interest as an alternative option to petroleum diesel. As a
result, a number of studies compared internal combustion and emission as well as engine
performance of various TDF-petroleum diesel blends [2, 9, 15-17]. External combustion
characteristics of TDF oil are not fully understood because most of the research in TDF oil
combustion has been demonstrative in nature. Therefore, the purpose of this research is to
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develop a better understanding of TDF oil combustion with regard to the operating conditions
used during combustion as well as its physical properties.

While TDF has high energy content, it requires some processing to ensure efficient use in
combustion equipment. However, the results reported by [18] indicate that because of its high
viscosity and low cetane number, TDF must be blended with petroleum diesel fuel or com-
plemented by a cetane improver, such as diethyl ether, for application in most common
combustion equipment. Consequently, many studies using TDF blended with petroleum diesel
fuel or methyl esters for application in internal combustion engines are found in the literature
[19, 20], but none of them were tested in external combustion fuel burners.

Certain properties of TDF oil such as cetane number, viscosity, and total sulphur contribute to
burner performance and emission characteristics. Previous research performed some investi-
gations on qualitative analysis of waste rubber-derived oil as an alternative diesel additive,
whereby it was found that TDF oil has high viscosity, total sulphur, total contamination, water
content, and flash point of 9 cSt, 9106 ppm, 143 mg/kg, 3.43 vol.% and 94°C, respectively [21].

A further study revealed that TDF oil could be refined through fractional distillation process
to obtain cleaner fuel with reduced total sulphur of 1800 ppm, kinematic viscosity of 1.6 cSt,
flash point of 26°C, total contamination of 29 mg/kg, water content of 0.03 vol.% and gross
calorific value of 43 MJ/kg [22]. In addition, the use of refined TDF in combustion equipment
results in reduction of unburned hydrocarbons, particulate matter and carbon monoxide [20].
In contrary, combustion of TDF oil results in an increased sulphur dioxide emissions, due to
the presence of high sulphur levels in the fuel [23, 24].

1.3. Combustion emissions

In an ideal combustion process of a hydrocarbon liquid fuel occurring in excess oxygen, all
fuel would be converted into heat, water, carbon dioxide and negligible equilibrium amounts
of carbon monoxide. However, given the complexity of physiochemical interactions during
the combustion process, there are other side reactions taking place, resulting in the formation
of pollutants or emissions.

The most significant combustion emissions are sulphur dioxide (SO,), nitrogen dioxide (NO,),
carbon monoxide (CO), unburned hydrocarbons (HC) and particulate matter (PM) [25]. These
are among emissions regulated by the National Air quality Act No. 39 of 2004, which is in line
with the European Air quality standards published under the European Union directive No
2015/2193 as summarized in Table 1. Some of these emissions are promoted by inefficient
operation of the combustion equipment due to the quality of fuel used, for example, when
large numbers of inert particles are passing through the combustion equipment pump and
atomizer nozzle, cavitation occurs causing erosive wear and increasing nozzle size. This leads
to larger fuel drop sizes and particles becoming trapped in the mating surfaces of the sealing
areas of the injector tips, keeping them apart. Leaking and dribbling subsequently occur at
injector nozzle resulting in reduced injection pressure and poor atomization. The effects of
these various problems are the main cause of inefficient combustion and subsequent increased
emissions levels. Pilusa et al. [26] reported that sufficient filtration of fuel ensures uniform fuel



Combustion Characteristics of Waste Tyre Pyrolysis Fuel as Industrial Burner Fuel 101
http://dx.doi.org/10.5772/63078

flow through the precision components of the combustion equipment, resulting in efficient
combustion and reduced emissions.

Pollutant Pollutant limit Exposure period Test method
SO, 300 ug/m? (134 ppb) 1h 1SO 6767
NO, 200 pg/m?® (106 ppb) 1h ISO 7996
(€©) 30 mg/m® (26 ppm) 1h 1SO 4224

10 mg/m?® (8.7 ppm) 8h
PM,, 120 pg/m?® (134 ppb) 24h EN 12341

Table 1. Selected regulated pollutants limits as per national ambient air quality standards [27].

1.4. TDF combustion

Previous research investigated the use of oils for the operation of medium industrial boilers,
whereby several atomization techniques have been employed, including pressure atomization,
air atomization, steam atomization and fuel preheating in order to reduce viscosity [28]. A
higher air-to-fuel (AFR) equivalent was recorded for efficient combustion of high-viscosity fuel
oils. Particulate matter has arisen as one of the most challenging aspects of TDF oil combustion
given its consistently high readings, particulates have been observed to collect on burner
surfaces [29]. The aim of this research was to assess the combustion characteristic of TDF oil
as an alternative low-cost industrial burner fuel.

2. Material and experimental procedures

2.1. Material

A sample of TDF oil produced from a continuous waste tyre pyrolysis process was obtained
from a local waste tyre treatment technology. As reported in literature, TDF oil produced
from a continuous pyrolysis process at temperature above 500°C has superior characteristics
in terms of aromatic content as compared to the one produced from a lower temperature
batch process [8, 9]. Petroleum diesel (500 ppm) was purchased from a nearby fuel filling
station, and it was used as a reference test fuel and also to prepare TDF oil-diesel mixtures.
An illustration of the combustion experimental setup is shown in Figure 2. In order to pro-
duce a chemically modified TDF (TDF*), TDF oil was distilled using an experimental setup
illustrated in Figure 3 and all chemical reagents used were purchased from Sigma Aldrich
South Africa. Vinyl acetate, n-heptane, n-hexane, methacrylic anhydride, n-butanone and
amyl alcohol and nitric acid were used as reagents to chemically modify some properties of
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TDF*. Tables 2 and 3 present the technical specifications of the burner and emissions ana-
lyzers used for these research.

i
=

Figure 2. Experimental setup for external fuel combustion.

v i
Ar ‘,E”

Figure 3. Experimental setup for TDF* production from TDF oil [22].
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Fuel flow (kg/h)
Flame power (kW)
Nozzle (US gal/h)
Preheated nozzle line
Pump and fan motor
Electronic igniter
Blower turbine

Air flap control
Control panel

Blast tube

Fuel pump

1.5-3.4

18-40

0.5-0.85

Yes

Single phase, 230 V, 50 Hz, 2800 min™, 4 uF/400 V capacitor
EBI

D133 x 42

Manual

Yes

D63/80 x 177

11 bar discharge precision gear pump with solenoid valve AS47D

Table 2. Technical specification NC4 fuel burner [30].

Parameter Sensors Range Resolution
Carbon monoxide Electrochemical cell 0-10000 ppm 1 ppm
Nitrogen dioxide Electrochemical cell 0-500 ppm 0.1 ppm
Sulphur dioxide Electrochemical cell 0-5000 ppm 1 ppm

Table 3. Testo 350 gas analyzer technical specifications [31].

2.2. Experimental procedures

2.2.1. Fuel preparation

An experimental setup consisting of a fuel tank, in-line filtration system, and a forced draught

external combustion system with emissions analyzer was developed as shown in Figure 2.
Mixtures of TDF oil and petroleum diesel (DF) were prepared at TDF oil volumetric concen-
tration in each sample of; 10, 20, 30, 40, 50 and 70%. To ensure that the problem of total
contamination and water content is eliminated, all fuel bends were processed through a multi-

stage filtration illustrated in Figure 2 and random confirmation tests were performed to verify
that the water content and total contamination were within acceptable limits. The most
economical fuel blend was determined by the highest possible TDF oil volumetric concentra-
tion yielding the acceptable viscosity and flash point of the fuel mixture. Various TDF oil-



104 Developments in Combustion Technology

petroleum diesel blends were assessed by measuring their viscosities and flash points as per
ASTM D445/D93 test methods, and the most economical mixture was selected and undergone
full analysis as per test results presented in Table 4.

Parameter Unit Test method TDFoil DF TDF,, TDF* SANS342
Kinematic viscosity (cSt at 40°C) ASTM D445 9.23 225 4.9 341 22-53
Density (kg/m?® at 20°C) ASTM D4052 942 828 846 848 800-950
Flash point (°C) ASTM D93 96 67 63 42 >50
Cetane index ASTM D4737 22.3 539 417 51.8

Calorific value MJ/kg) ASTM D3338 39.9 459 427 43.8

Total sulphur (mg/kg) ASTM 4294 11,450 443 4,516 1,100 <500
Aromatics (Wt%) Calculated 43.5 26.1 36.3 27.2

Lubricity (um WS1.4) CEC-F06-A-96 939 489 678 471 >460
Oxidation stability (g/m®) ASTM D2274 15 20 13 17 23

Total contamination (mg/kg) 1P440 589 12 8 14 20
Water content (mg/kg) ASTM 6304 33,540 160 56 98 85

Table 4. Physical properties of TDF oil, DF, TDF,, and TDF*.

A sample of TDF* was produced by flash distillation of TDF oil using the experimental setup
shown in Figure 3. Other samples of TDF oil, DF and TDF* were also prepared for testing.
Each sample was characterised in accordance with SANS 342 as per results presented in
Table 4.

A bench-scale distillation setup consisting of 1 L round bottom flask, heating mantle, glass
water-cooled condenser and a collecting flask as shown in Figure 3 was used for flash distil-
lation of TDF oil. The glass condenser was fitted with steel wool in order for the water vapour
from the oil to promote oxidation of steel wool into ferric oxide, which will act as a catalyst for
oxidation of sulphur compounds in gaseous phase. The temperature of the feed crude oil was
monitored and initially maintained at 100°C to allow for evaporation and recovery of water,
low boiling point mercaptans, sulphides and disulphides in the crude oil. The condenser bulb
was filled with 13x molecular sieves supported over oxidized steel wool. This will ensure
oxidation of high boiling point sulphur compound and adsorption over the active layer of
micro-porous sieves in a gas phase prior to condensation. The function of 13x molecular sieve
pellets is to enhance adsorption of low boiling points sulphur compounds as well as water
removal from the fuel.
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The distillation temperature of the crude oil was raised to 350°C for extraction of light and
heavy fuel fractions from the crude oil, while oxidizing and capturing the sulphur compounds
over the active layer of molecular sieves in the condenser bulb as shown in Figure 3. The system
was properly sealed at each connection point to ensure that all vapours pass through the ferric
oxide and molecular sieves before they are condensed into light fraction fuel. The condensed
fuel was desulphurized by adding 25 wt% Ca(OH), and 10 wt% H,SO, as per treatment method
reported [24]. This was followed by filtration through a series of activated carbon and micro-
molecular filtration system presented in Figure 3 for the removal of suspended and dissolved
contaminants. The distillate was further chemically modified to adjust its viscosity and cetane
index by adding recommended amounts of vinyl acetate and methacrylic anhydride as per
IARC guideline for liquid fuel additives [32]. Chemical modifiers including 1400 ppm of vinyl
acetate as viscosity modifier and 0.4 wt% methacrylic anhydride as fuel stabilizer were dosed
into the distillate. A mixture of 30 vol.% n-heptane, 50 vol.% n-hexane and 20 vol.% methyl
tert-butyl ether was added to the distillate at 5 vol.% to homogenize the fuel with the reagents
to form modified tyre-derived fuel (TDF¥).

2.2.2. Combustion tests

An NC4 Cuenod forced draught fuel burner was connected to a fuel tank through fuel piping
consisting of 100 um stainless steel mesh primary filter followed by a two-stage micro-
molecular filter with packed cotton fibers and 13x molecular sieves, 5 pm paper-based
secondary filter media and a 1 pm cellulose-based polishing filter. All joints and connection
points were lined with thread tape to prevent leakages. The fuel tank was placed at elevated
position, 1.5 m above the burner pump suction point in order to create enough net positive
suction head for the pump. The burner head was mounted on a stationary frame facing an
open area with sufficient ventilation.

The emission gas analyzer was also mounted on a stationary frame next to the burner head,
such that its probe is in line with the burner head. The burner was switched on allowing the
nozzle line to be preheated to optimum operating temperature. The test fuel was added into
the tank and allowed to accumulate into the filters before firing the burner. The burner was
fired, and the flame intensity was adjusted using manual air flap to select the optimum
combustion air setting (CAS), while monitoring flue gas temperature using an infrared
thermometer.

The burner was run for 60 min for each test fuel, and performance parameters such
thermal power output, fuel consumption, flame stability, flue gas temperature and emissions
were recorded. Flue gas emission was measured using Testo 350 emissions analyzer
equipped with built-in electrochemical cells with an auto dilution system capable of
measuring gaseous emissions of SO, CO and NO,. The analyzer probe was positioned
at the burner head to automatically sample the gases and measure the emissions. The
tests results were stored into the analyzer memory and exported into Microsoft excel
spreadsheet for analysis.
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3. Results and discussions

3.1. Fuel characterisation

Based on the test results presented in Table 4, it was evident that pure TDF oil has some
properties that do not comply with the minimum SANS 342 requirements to be use as
combustion fuel in precision combustion equipment. Amongst these properties, TDF oil has
significantly high concentrations of total sulphur and high viscosity compared to petroleum
diesel. Its high total contamination and water content are the main reasons for its low calorific
value and possibly high flash point. Although water and total contamination can be easily
separated from the fuel by physical separation processes such as evaporation and filtration,
some properties require distillation and chemical modification to be adjusted.

It has been reported that fractional distillation of TDF oil at temperatures of 350°C reduces
total sulphur and that further chemical desulphurization and filtration produces a cleaner fuel
[2, 22, 24]. However, the fuel’s viscosity and flash point drops below the acceptable limits
prescribed in SANS 342 standards due to some TDF oil constituent components being stripped
away during distillation and chemical desulphurization process. It is believed that some of
these constituent components solidify and removed from the fuel during filtration.

Addition of recommended amounts of 1400 ppm vinyl acetate (viscosity modifier) and 0.4 wt
% methacrylic anhydride (fuel stabilizer) as per IARC guideline for liquid fuel additives has
shown a significant improvement of the fuel’s viscosity and flash point [32]. However, the flash
point was found to be lower than the specified minimum limit for safe handling. Lower flash
point is often associated with elevated fuel consumption and potential risks of auto-ignition
during handling and storage; hence, it is expected for TDF* to be consumed faster than diesel
fuel during combustion with higher flame temperature as a result of auto-ignition. A mixture
of 30 vol.% n-heptane, 50 vol.% n-hexane and 20 vol.% methyl tert-butyl ether, which was
added to the TDF* at 5 vol.% to homogenize the fuel, is believed to have contributed to the
fuel’s improvement in calorific value as well as the cetane index as reported in Table 4.

Ignition properties of TDF oil are typically poor as represented by a low cetane index of 22.3.
This is associated with the presence of high concentrations of non-flammable components such
as water and total contaminants of 3.54 vol.% and 586 mg/kg, respectively. Nonetheless, the
cetane number improved to 44.8 as the TDF oil was converted to TDF* by gas phase oxidative
fractional distillation process described in Figure 3. This number was further improved by the
addition of chemical modifier. Alkyl nitrate is commonly used as ignition improvers due to
their affinity for hydrocarbon chain clouding in oils and hydrocarbon liquid fuels [33]. It was
observed that the addition of 800 mg/L of alkyl nitrate into TDF could effectively increase the
cetane index of the fuel by 12-16%.

Previous research has shown that TDF oil is distillable at temperature range of 193-359°C, up
to 10, 50 and 90 vol.% of this fuel can be recovered at distillation temperatures of 218, 289 and
335°C, respectively [22]. At this temperature range, sulphur is more easily removed because
lower boiling oil fractions primarily contain sulphurous compounds that are in the form of
mercaptans, sulphides, disulphides or lower member ring compounds, which are relatively
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easier to desulphurize [34]. Typical sulphur compounds such as mercaptans, sulphides and
disulphides boils below 193°C and can be easily evaporated for effective gas phase desulphu-
rization over an active surface layer of adsorbent such as molecular sieves or activated carbon
[35].

There were few TDF oil parameters not complying with SANS 342 specifications for use in
precision combustion equipment. These included viscosity, total sulphur, total contamination
and water content. Adequate filtration can easily eliminate the concerns associated with total
contamination and water content. Parameters such as viscosity and total sulphur may be
adjusted by blending TDF oil with other cleaner petroleum fuels. A blend containing 40 vol.
% TDF (TDF,,) was found to be the optimum test mixture with an acceptable kinematic
viscosity of 4.9 ¢St and flash point of 63°C. This sample was taken for full analysis and was
tested against TDF* and pure petroleum diesel to evaluate its combustion characteristics.

TDF oil was obtained with relatively high viscosity of 9.23 cSt; however, the viscosity dropped
to 1.88 cSt after distillation. Although viscosity of liquid fuels decreases temporarily as its
temperature is increased, the specifications for precision combustion equipment require the
kinematic viscosity of the fuel measured at 40°C to range between 2.2 and 5.3 cSt for normal
fuel flow and operation of the equipment with less emissions. The test results presented in
Table 4 show that the kinematic viscosity of TDF could be improved by the addition of 1400
ppm vinyl acetate. Additives such as vinyl acetate can reduce the thinning effect of the fuel
caused by operation at high temperatures [36]. This viscosity improver has long chains and
high molecular weights. Its function is to increase the relative viscosity of the fuel more at high
temperatures than at low temperatures. It coils at low temperatures and uncoils as the
temperature increases. Uncoiling makes the molecules larger, which increases internal
resistance within the thinning oil [37].

The test data presented in Table 4 show a 90.3% overall reduction in total sulphur from
conversion of TDF oil into TDF*. This was achieved by multiple processing methods as
described in Figure 3. Previous research has revealed that sulphur reduction in TDF oil can be
achieved by chemical treatment followed by blending it with low sulphur commercial diesel
fuel [38, 39]. Pilusa et al. [22] has presented that most mercaptans boils at below 100°C,
explaining why they could be removed from the TDF oil via gas-phase desulphurization
distillation over an adsorbent with a pore size large enough to capture all molecular size ranges.

Desulfurization remains a key driver with increasing trends to shift towards cleaner fuels. As
the sulphur level in diesel fuel is reduced, the inherent lubricity characteristics of the fuel are
also reduced. Sulphur level of the petroleum diesel fuel is reduced by the application of hydro-
treating processes which remove sulphur- and nitrogen-containing compounds, and these
compounds have good natural lubricity [35]. The process of producing low-sulphur diesel fuel
also leads to a reduction in aromatic compounds, and these compounds are known to have
better lubricity than aliphatic compounds [40]. Combustion fuels with poor lubricity charac-
teristics can lead to atomizer pump wear and eventually failure, so the lubrication properties
of the fuel have become an important parameter. Lubricity improvers such as 0.03 wt%
phosphate ester amide restore the natural lubricity properties of the fuel [41]. There was no
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need to add any lubricity modifier as the test value for TDF* was found to be within the
acceptable limits after the fuel was treated with other chemicals.

3.2. Combustion tests

Uniform fuel droplets are consistently generated by the atomizer at the combustion zone
allowing mixing with incoming forced air. An electric-generated spark initially ignites the
mixture, while the stable flame at the burner core continues to ignite the incoming fuel air
mixture as demonstrated in Figure 4.
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Figure 4. Cross section of the fuel burner.
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Figure 5. Images of stable and unstable burner flames produced by various fuels tested.
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It was discovered that fuels with different physical properties attained stable flames under
different AFR, which was controlled by CAS in this instance. DF flame stabilized quite quickly
at CAS of 8, whereas TDF* and TDF40 stabilized at CAS of 10 and 14, respectively, as shown
in Figure 5. This implies that stoichiometric air requirement for TDF* and TDF40 is much
higher than that of diesel fuel. This could be as a result of high viscosities and flash points of
both TDF* and TDF40. As reported in literature, high viscosity results in restricted fuel flow
and poor atomization whereas low flash point is associated with auto ignition and higher fuel
consumption [9]. Figure 5(a, ¢ and e) show the different stable flame intensities for DF, TDF*
and TDF40 with a decrease from white to dark orange core flame colors, respectively. This is
also justified by the decrease in flue gas temperatures measured for each fuel.

All fuel tested were able to produce peak flame power output similar to the ones specified by
the burner manufacture as stipulated in Table 2. The test results presented in Figure 6 show
that burner operated more efficiently with diesel fuel as it was able to reach the highest flame
power output at CAS of 6 with actual fuel consumption of 2.84 kg/h. TDF* and TDF,, has lower
fuel consumption and consequently unstable flames and low flame power as a result of high
viscosity, low flash point and low calorific value.
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Figure 6. Performance test data of NC4 fuel burner using DF, TDF* and TDEF,,

The burner reached a stable flame at CAS 8 when operated with diesel fuel whereas TDF* and
TDEF,, reached their stable flames at CAS of 10 and 14, respectively. The burner specific fuel
consumption (SFC), which is defined as a ratio of the actual fuel consumed and power
delivered, was found to be 78.43, 82.19 and 84.37 g/kWh when operated with DF, TDF* and
TDEF,,, respectively. This implies that more efficient heat was produced by diesel fuel due to
its high colorific value and good flow characteristics.
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3.3. Flue gas emissions

Combustion tests were carried out for 60 min for each test fuel. Average emission data were
recorded every 10 min as the combustion air setting (CAS) was adjusted to the next value. The
data reported in Figure 7 display the average test data taken at the optimum CAS value for
each fuel. CAS is a measure of air-fuel ratio (AFR); selection of higher CAS value on the burner
allows more air to be introduced into the combustion zone for enhanced combustion. The
optimum CAS was attained when a more stable flame with highest flue gas temperature was
recorded. These values were obtained as 8, 10 and 14 for DF, TDF* and TDF,, respectively.

350 328
300 B Sulphur dioxide B Nitrogen dioxide Carbon monoxide
250 290
200 7
150 4 136
100 a8
45
50 1 5 3 7 2 16 13 22 19 18 14 23 21
0 —— ) . ) ) .
DF @ CAS=8 |TDF*@ CA5=10, TDF/DF @ 1hr DF 1hr TDF* 1hr TDF/DF
CAS=14
Emissions levels at optimum CAS (ppm) Avegage hourly emissions levels (ppm)

Figure 7. Selected flue gas emissions from a burner operated with various fuels.

The results show that TDF,, produces high emission levels compared to TDF* and DF. High
sulphur emissions are attributed by the concentrations of sulphur in the fuel; TDF,, contains
4516 ppm total sulphur, while TDF* contains 1100 ppm total sulphur which is significantly
higher than the sulphur levels in DF (443 ppm). The maximum flue gas temperatures for each
fuel at optimum CAS were recorded as 546, 489 and 420°C for DF, TDF*, and TDE,,
respectively. Hence, the flame core color changed from white to dark orange as seen in Figure
5 (a, cand e).

In practice, there are a number of reasons why this temperature will be lower than the adiabatic
flame temperature, which has been reported to be 2102°C [42]. One of the reasons is that
combustion products dissociate back into reactants or other higher reactive species accompa-
nied by absorption of energy, hence reducing the actual flame temperature. Any excess air will
increase the mass of flue gas relative to the mass of fuel, with a corresponding reduction in
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temperature; hence, the flue gas temperature of highest CAS value (TDF,;) was reported to be
the lowest. With sub-stoichiometric air supply, the flame temperature will also fall, as though
the mass of flue gas is reduced. The effective calorific value of the fuel is also reduced by an
amount equivalent to the calorific value of the CO, which is present in the flue gas.

CO emissions was found to be reasonably low and within the ambient air quality standards
presented in Table 1, except for TDF,, blend which was higher. However, the formed CO
molecules are oxidized if there is enough oxygen in the combustion environment. This may
be as a result of high-volume fuel being introduced to the atomizer at high viscosity resulting
in poor fuel atomization [43]. Larger fuel droplets are introduced into the combustion zone.
These droplets are not fully oxidized due to their larger surface area and the flue gas product
and also tend to contain high HC, CO and high flame temperatures promoting NO, formation.
Under these conditions, more fuel is used due to inefficient fuel oxidation as it was observed
with rapid soot formation on the burner nozzle when the TDF,, was tested.

4. Conclusions

TDF oil from continuous tyre pyrolysis plant has been refined by gas-phase oxidative fractional
distillation including desulphurization, adsorption, filtration and chemical modification of
certain physical properties in accordance with SANS 342 for use in precision combustion
equipment. TDF* was produced as a test fuel to be compared with standard diesel fuel in a
Cuenod NC4 fuel burner. It was concluded that TDF oil could be refined into TDF* exhibiting
similar properties to standard diesel fuel. Vinyl acetate, alkyl nitrate and some combination of
organic polar solvents can effectively adjust the fuel’s viscosity, cetane index and calorific value.
It was also concluded that TDF oil is not recommended for use in precision combustion
equipment in its raw form. Pretreatment processes, such as multistage filtration, are essential
for the removal of total contamination and residual moisture. Modification of the fuel’s
properties such as viscosity, flash point and total sulphur is essential. Purification of TDF oil
through a process of oxidative desulphurization fractional distillation with chemical desul-
phurization and filtration has shown a great potential of using the fuel derivative (TDF¥)
directly in precision combustion equipment. TDF can also be blended with petroleum diesel
fuel at TDF oil volumetric concentration of <40% (TDEF,), and the fuel mixture must undergo
multistage filtration. TDF oil and its derivatives produce SO, NO, and CO emission levels
higher than acceptable limits as prescribed by the European Air quality standard
(EU2015/2193). It was concluded that TDF oil is a potential industrial burner fuel if diluted
with petroleum diesel fuel at TDF volumetric concentration of <40% or any ratio that could
adjust the viscosity level below 5.3 cSt. Multistage filtration system is highly recommended to
reduce total contamination and water levels in the fuel mixture. Exhaust gas scrubbing is also
recommended due to significantly high sulphur oxide emission in the flue gas.
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Abstract

The combustion of fuel derived from municipal solid waste is a promising cheap
retrofitting technique for coal power plants, having the added benefit of reducing the
volume of waste disposal in landfills. co-combustion of waste-derived fuel (WDF) and
coal, rather than switching to WDF combustion alone in dedicated power plants, allows
power plant operators to be flexible toward variations in the WDF supply. Substituting
part of the coal feed by processed high calorific value waste could reduce the NO,, SO,,
and CO, emissions of coal power plants. However, the alkaline content of WDF and its
potentially harmful interactions with the coal ash, as well as adverse effects from the
presence of chlorine in the waste, are important drawbacks to waste-derived fuel use in
large-scale power plants. This chapter reviews these points and gives a centralized
review of co-combustion experiments reported in the literature. Finally, this chapter
underlines the importance of lab-scale experiments previous to any large-scale
application and introduces the idea of combining waste and additives dedicated to the
capture of targeted pollutants.

Keywords: waste, coal, power plant, emissions, RDF

1. Introduction

Worldwide, around 1.3 billion tons of MSW (municipal solid waste) are generated every year,
an amount that is expected to grow to 2.2 billion tons of MSW per year by 2025 [1]. A large
fraction of MSW is disposed in landfills, which may lead to groundwater contamination by
leachates and atmospheric emission of biogas, a mixture of CH, and CO, generated by
biological processes related to MSW decay. In order to avoid these environmental disturbances,
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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governments lean toward banning land(fill sites and encouraging development of alternative
waste treatments.

Many of the components of MSW currently sent to landfill, such as paper, cardboard, textiles,
wood, and plastics, are not hazardous and have high caloric content. For example, the
composition of the MSW landfilled in 2013 in the United States is given in Figure 1. Instead of
being disposed in a landfill, these components could be recovered and treated to produce
waste-derived fuels (WDFs) for use as an energy source.

Based on financial, environmental, social, and management considerations, the waste man-
agement sector defined a “waste management hierarchy,” classifying the different waste
management options, presented in Figure 2. This concept, which appeared in the early 1970s,
was formalized in the 2008 European Commission Waste Framework Directive [3]. From a
sustainability point of view, waste reduction, reuse, recycling, and recovering are preferred —
all these options decreasing the quantity of waste to be disposed of [1]. Unfortunately, not all
waste streams can be diverted to such end and final wastes are always produced. Furthermore,
even though some materials can have an increased lifetime, they generally end up degraded
and in a state where their reutilization is impossible. Finally, some wastes, especially if they
are made of mixed materials, are so that their recycling is really costly or is associated with a
quite high energy demand or pollutant production and therefore is unrealistic [4]. For these
wastes, energy recovery through co-combustion is an option of great interest.

Currently, coal combustion accounts for around 40% of the world's electricity generation [5]
despite the fact that coal combustion is a major source of NO, and SO, emissions. These
emissions are precursors for acid rain, and therefore sensible environmental policy suggests
that they be curtailed. Cheap retrofitting techniques are needed to permit existing infrastruc-
ture to continue to operate without contributing to the incidence of acid rain.

Figure 1. Total MSW discards (by material) in the United States in 2013 [2].
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Since municipal solid waste generally has negligible sulfur content and lower nitrogen content
than coal, substituting part of the coal with waste-derived fuel might be beneficial to the
environmental performance of coal power plants. Furthermore, since the coal power plants
electric efficiency is usually 10-20% superior to that of incinerators [6], burning MSW in coal
power plants can lead to higher waste utilization efficiency than in dedicated incineration
plants. Also, MSW contains a renewable fraction and can therefore helps reducing the amount
of fossil CO, generated by coal power plants. This is somewhat mitigated by the higher chlorine
and alkaline content of WDF compared with coal, which may contribute to corrosion and ash
deposition issues. Consequently, the co-combustion of coal and WDF has to be studied before
a large-scale utilization of WDF in power plants. This chapter will discuss the production of
WDF as well as the effect of its cofiring in coal power plants in terms of CO,, NO,, and SO,
emissions. The ashes behavior and the fate of chlorine in the combustors will also be covered.
This chapter therefore summarizes the benefits and limitations related to WDF co-combustion
in existing coal power plants.

2. Fuels derived from waste, a large ensemble

Due to their inhomogeneity, their high moisture content and fraction of incombustibles,
municipal solid wastes cannot be fired in large-scale coal power plants unless they are
transformed in a more homogeneous and calorific feedstock, broadly called waste derived
fuels (WDFs). Unfortunately, the fuels that can be derived from MSW are almost as diversified
as the MSW themselves.

Depending on the characteristics and the type of wastes used for the production of the WDF,
it is common to differentiate solid recovered fuel (SRF) from refuse-derived fuel (RDF).
Generally, SRF is more homogeneous, less contaminated, and have a higher calorific content
than RDF that is more generic. In Europe, to overcome the ambiguous situation regarding fuel
quality, the European Commission has given mandate to CEN/Technical Committee (TC) 343
to prepare a document classifying solid recovered fuels [7]. Different SRF qualities based on
three criteria that are the net calorific value (serving as the economic indicator), the chlorine
content (as the technological indicator), and the mercury content (as the environmental key

Most prafemrad oplion
Reduce

Rausa

Recychs
Recover
Dispose

Least preferred optior

Figure 2. Waste management hierarchy.
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parameter) have been defined [8]. Readers are advised to refer to the CEN/TC 343 published
standards for more information.

On top of RDF and SRE, there has been mention of process engineered fuel (PEF), engineered
fuel (EF), refuse plastic fuel (RPF), generally made of more than 60% of plastic waste [9], and
packaging-derived fuel (PDF). These fuels are usually of higher quality than RDF and SRF as
they are made of source-separated processed dry combustible fraction, which cannot be used
for recycling [10, 11]. Also, they are of predictable and consistent quality, which is critical to
ensure their market security. Finally, they are not considered as waste but as a marketable
product that has to meet strict end-user requirements [12].

Numerous processes have been implemented to produce WDF from MSW. These processes
generally consist of sorting and mechanical separation of the waste, size reduction (shredding,
chipping, and milling), separation and screening, blending as well as drying and densification
[13-15]. All these steps are used to increase the homogeneity and the heating value of the final
WDEF, improving their in-situ handling and feeding. An example of WDF production chain is
given in Figure 3.

Primary Magnetic
Crusher Separator

Additive
Feeder

Reception Bin

Gravily

WDF F.~a  Separator
Dryer Pelletizer éﬂ

Incombustible

Figure 3. Production of WDF, inspired from [16].

WDF production generally involves a source-separation step where the organic fraction (food
residues, yard trimmings, etc.) is removed. One of the best-established and less expensive
processes is the mechanical biological treatment (MBT). In an MBT plant, the metals and inert
materials are removed, the organic fraction is screened out, and the high-calorific fraction is
separated. The organic fraction is further stabilized using composting processes, either with
or without a digestion phase, producing compost and biogas. The high-calorific fraction, on
the other hand, is further processed into waste-derived fuel, as described above [11]. Extensive
mechanical treatment (MT) processes can also be used to produce WDF [7].
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Even though the majority of the technologies involves the removal of the organic fraction some,
such as the dry stabilization process, produce WDF containing the organic fraction. In this
process, the residual waste, after separating out metals and inert materials, is dried through a
composting process leaving the residual mass with a higher calorific value [11]. The high-
calorific output of this process, developed in Germany, has the trade name of “Trockenstabilat”.
WDEF containing the stabilized organic fraction are however not the norm, and will therefore
not be studied in the rest of the chapter.

The high-calorific fraction of the waste, used as WDF, can generally be separated into a biogenic
fraction and a plastic fraction. The biogenic or fibers fraction refers to the textiles, wood pieces,
papers, and cardboards found in the MSW. Papers range from newspaper to glossy magazine
sheets and can contain multiple chemicals as a large variety of additives are used during their
fabrication, whether it is as pigment, binder, filler, or else. As an example, some of the pigments
that can be used are clay (kaolin), calcium carbonate, titan oxide, satin white
(3Ca0-Al,053CaS0O,-3H,0), barium sulfate, talc, and aluminum hydroxide [17]. Calcium
carbonate can further be used as filler, and therefore may account for up to 15% of the paper
content.

The plastic fraction, majorly derived from oil, also regroups a wide variety of materials. The
more common plastics found in MSW are polyethylene (PE), polypropylene (PP), polystyrene
(PS), and polyvinyl chloride (PVC) [14]. While the biogenic fraction has a high ash content, the
plastic fraction generally contains chlorine, both raising processing and environmental
concerns [18].

Finally, multimaterial pieces can also be found in the high-calorific fraction of MSW, such as
cardboard drink containers or Tetrapack™, combining both paperboard and plastic, with or
without aluminum foil.

Once produced, the waste-derived fuels can be used for the electricity production combined
with coal or natural gas in thermal power plants, for their energetic content in industrial
processes (e.g., cement kilns and blast furnace) or for their material properties also in various
industrial processes (e.g., asphalt production) [19]. Due to the large number and poor envi-
ronmental performance of coal power plants and the importance of developing cheap
retrofitting technology to improve this performance, only the utilization of WDF in coal power
plant will be studied in this chapter.

During co-combustion studies, proportions of each of the combustible can be expressed in
terms of weight fraction or energetic (also called thermal) fraction [20]. Energetic fractions are
evaluated according to:

e _ WWDF LH VWDF
Xwpr = (1)
WWDF LH VWDF + WL LH V<

with W the mass flow (kg/h) of the WDF and of the coal (c), and LHV the lower heating value
(kJ/kg). The mass fractions, on the other hand, are evaluated as follows:
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It should be mentioned that a large number of research projects currently focus on oxycom-
bustion of coal and waste, which facilitates CO, sequestration from the flue gas [21-23].
However, the costs related to such technology still remain a major obstacle to any commercial
application [24]. The rest of this chapter will therefore only focus on the benefits and limitations
related to WDF co-combustion in existing coal power plants.

3. Effect of WDF co-combustion on CO, emissions

Because WDF contain products derived from biogenic sources (e.g., paper), “fossil CO,”
emissions are reduced when WDF is cocombusted with coal [25]. Indeed, biogenic sources
capture the same amount of CO, during their lifecycle than what is emitted during their
combustion [26]. Furthermore, methane being a greenhouse gas 25 times more damageable
than CO, in terms of global warming [27], the beneficial effect of waste co-combustion in
terms of greenhouse gas emission is even greater if are taken into account the avoided meth-
ane emissions associated with their disposal in landfills. Therefore, in the European Union,
for example, diversion of MSW from landfilling to composting, recycling, and energy recov-
ery could produce a reduction from 40 to over 100 Mt CO,-equivalent per year [28].

In order to evaluate the fossil CO, emissions that could be avoided through WDF cocombus-
tion, one needs to know the carbon and water content, the calorific value, and the biogenic
fraction of the fuel [9]. Characteristics of varied WDF found in the literature are given in Table 1.

What can be seen from Table 1 is that WDF with a wide range of carbon content (from 34 to
69%) and of heating value (from 13 to 27 MJ/kg) can be produced. As for the biogenic content,
it is rarely known, especially for RDF. Furthermore, fossil CO, emissions avoided will depend
on the coal characteristics, which also vary widely.

Anyhow, for example in [10], the authors evaluated that the emission of fossil CO, associated
with lignite combustion is around 955 g/kg, whereas that of an SRF with a biogenic content of
67% is (1-0.67) x 1067 = 352 g/kg. Lignite and SRF having comparable calorific content, for a
15 wt% cofiring ratio, emission of 90.5 g of fossil CO, are avoided per kilogram of feedstock
burned. Taking, for example, REW's BoA 2 and 3 boilers, which are fed with lignite at a rate
of 820 t/h [29], fossil CO, savings of around 74.2 t/h could be obtained through WDF co-
combustion, which sum up to 1781 t of fossil-CO, avoided per day in one boiler.

Since WDF co-utilization in existing thermal plants usually requires low additional invest-
ments and, as was described in this section, since WDF are partially renewable, co-combustion
of WDF could allow the production of partly renewable electricity at low cost. Furthermore,
in comparison with pure WDF combustion systems, the potential variability of the cofiring
ratio allows energy producers to be adaptable toward fluctuations in WDF availability.



Municipal Solid Waste Cofiring in Coal Power Plants: Combustion Performance
http://dx.doi.org/10.5772/63940

Even though CO, emissions are in the heart of nowadays concerns, other pollutants such as
NO; and SO, still remain critical in coal power plants. The effect of WDF co-combustion on
their emissions is discussed in the following two sections.

Fuel Ref Dp Proximate analysis, Ultimate analysis, wt% Trace elements, HHV LHV Fib.
name wit% wit% %
mm WC VM FC Ash C H N O S Cl Ca Na Mjkg
EF [12] 1-8 68 675 101 156 390 58 07 377 01 - - - 159 - 30
EF [29] 0.1- 10 825 141 24 556 7.7 022 329 020 0047 172 <1 237 - 80
0.4
EF [29] 01- 14 842 120 24 589 85 022 283 0.17 0062 1.65 <1 266 - 70
04
EF [29] 0.1- 28 853 109 1.0 520 70 023 367 025 0039 1.60 <1 220 - 90
0.4
SRF [6] 0164 520 721 71 57 580 6.6 1.00 274 042 028 0.67 011 - 209 -
SRF [7] 18 30 796 63 111 405 53 0.03 - 0.07 0.02 - 0.025 227 214 78
SRF  [28] - 183 - - 75 549 76 079 291 015 046 178 0.196 - 188 -
SRF  [28] - 181 - - 75 551 7.6 048 29.1 0.15 044 191 0.186 - 188 -
SRF  [30] 05- 281 560 64 97 601 84 098 303 021 - - - - 148 75
1.3
RDF [7] 18 304 461 83 162 281 34 098 - 032 025 - 0.536 14.8 132 -
RDF [13] 15 54 716 108 122 404 57 092 361 0 085 0 - - - -
RDF [24] 012 26 802 28 144 44 68 10 311 006 - - - 269 251 -
RDF [31] - 37 676 98 189 612 82 13 266 02 25 - - 223 208 -
RDF  [31] 9.5 17 736 70 177 691 74 19 196 03 17 - - 246 233 -
RDF [31] - 19.7 491 10.8 204 574 38 - 36.8 02 18 - - 139 126 -
RDF  [32] - 3.0 708 130 13.0 49.7 70 0.82 252 015 115 - - - 211 -
RDF [33] 3-6 18 751 96 135 494 69 08 284 03 05 - - - 211 -
RDF  [34] - 45 812 80 64 460 64 025 346 108 085 - - - 239 -
RDF [35] 215 O 676 97 227 59.0 9.6 0.61 309 001 - - - - 123 -
RDF [36] 15- 1.6 623 51 31.0 392 51 0.11 240 0.08 079 - - - 175 -
50
RDF  [37] - 783 706 128 87 417 56 080 353 0.09 014 135 - - 164 -
RDF [38] 15 0 735 94 172 572 91 021 144 026 - - - - 241 -
RDF  [39] - 18.8 553 135 124 340 42 054 297 022 0123 - - 13.0 - -

RDF [40] 0.1 148 707 112 166 435 58 09 326 0.6

HT [41] 1.5 0 752 238 1.09 569 73 097 326 0.08 1.09 01 067 191 - -
MSW

EF, engineered fuel; SRF, solid recovered fuel; RDF, refuse derived fuel; HT MSW, hydrothermally treated municipal
solid waste.

Table 1. Examples of WDF characteristics.
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4. Effect of WDF co-combustion on NO, emissions

During combustion processes, nitrogen oxides, collectively termed NO,, are formed either
from fixation of N, in the combustion air or from oxidation of nitrogen chemically bound in
the fuel [30]. A schematic representation of the different NO formation paths is given in
Figure 4. Thermal-NO refers to NO formed by oxidation of atmospheric nitrogen at high
temperature, whereas prompt-NO is formed by reactions of atmospheric nitrogen with
hydrocarbon radicals in fuel-rich regions of flames. Finally, fuel-NO refers to NO formed by
oxidation of the nitrogen bound in the fuel. Due to the relatively high nitrogen content of coal,
the latter is the largest source of NO, in coal-fired systems [31]. On the other hand, NO can be
reduced to N, by heterogeneous reaction with carbonaceous surfaces, and therefore can be
reduced by reaction with char and soot particles [32]. The amount of NO, emitted is therefore
closely dependent on the combustion environment but also on the fuel composition.

CH;

o, & NO
HCN Tl Reduction by
N

Fuel-N === 0O, char and soot
NH, O

N,

Fuel-NO Thermal-NO

Figure 4. Schematic representation of NO formation in coal combustion system.

Largely, all combustion processes lead to the formation of NO,, emitted mostly as nitric oxide
(NO) with smaller amounts of nitrogen dioxide (NO,). Nitrous oxide (N,O) emissions can be
significant in fluidized bed combustion, but are negligible in most combustion systems [30].

During co-combustion tests of WDF in fluidized bed combustors (FBCs), authors reported a
reduction in NO, emissions [12, 33-35]. They explain these reduced emissions by the lower
nitrogen content of WDF compared with coal, up to 10 times less [30], but also by the nature
of the nitrogenous groups in the waste material. Indeed, the main nitrogen compounds of WDF
are simple proteins known to release NH,, which is then decomposed to NH,, NH radicals
forming N, after reacting with NO [34]. However, with the increase in cofiring ratio (>30%),
increases in NO, emissions have been recorded [13, 33]. The authors suggest that since less
coal is fed to the FBC, availability of unburned carbon is reduced, decreasing the extent of NO
reduction by char.

Reductions in NO, emissions was also recorded during cofiring tests in a cyclone fired
combustor [36], as well as in entrained flow reactors (EFRs) [6, 37]. In EFR, contrary to FBC,
increased cofiring ratio led to increasing NO, reductions. The conversion of fuel nitrogen into
NO seemed therefore to decrease with increasing share of WDF. This is likely related to the
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high volatile content of WDF (as can be seen in Table 1), which might generate a reduction
zone with lower excess air ratio near the burner [6]. This lower oxygen concentration may
inhibit the conversion of fuel nitrogen to NO resulting in reduced NO formation. In addition,
since the formation of thermal NO may not be negligible in the EFR, co-combustion of coal
and WDF may result in a lower flame temperature compared with coal alone, thus leading to
a reduced formation of thermal-NO.

Because NO, emissions are closely related to the combustion environment, it is critical to
maintain a stable and homogeneous solid feed-rate. However, several studies reported
difficulties in achieving a steady mass flow rate of WDF to the combustor [12, 34, 36, 37]. This
could be due to its inhomogeneity or its “fluffiness”. Therefore, for large-scale utilization of
WDE, attention should be brought to the optimization of the feeding system. Increasing the
carrier gas flow rate, adding a dedicated burner, and working at low cofeeding ratio can help
reduce these feeding fluctuations. Finally, producing a homogeneous WDF in terms of particle
size and composition, with physical properties as close as possible to that of the injected coal,
is advised in order to experience smooth operation of the boiler with reduced NO, emissions.

5. Effect of WDF co-combustion on SO, emissions

Whether a fluidized bed combustor, a cyclone fired combustor, or an entrained flow reactor
was used, increasing the WDF cofiring ratio led to a decrease in SO, emissions [6, 12, 33-36,
38]. Two main explanations can be found regarding the decrease in SO, emissions. The first

@
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Figure 5. Expected behavior of a WDF combined with alkaline sorbent in a pulverized fuel combustion environment,
inspired from [42].
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one is the reduced sulfur content of the WDF compared with coal. The second one, corrobo-
rated by an increased sulfate content in the bottom and fly ash, is the absorption of SO, by
alkaline oxides, and more precisely calcium. With the higher calcium content of the WDF
compared with coal, a sulfur self-retention process can occur according to the following overall
reaction [39]:

CaO + S0, +0.50, > CaSO, + heat 3)

i.e. decreasing the concentration of SO, in the flue gas.

To further take advantage of such phenomenon, Accordant Energy LLC®, formerly known as
ReCommunity Inc., developed a novel WDF, called ReEF™ or ReEngineered Feedstock™, to
which air-emission control sorbents (e.g., calcium-, sodium-, halide-based and DeNOx
reagents) are physically bound [40, 41]. Due to the combined effect of a lower sulfur content
in the solid feed, SO, capture by the sorbents and transport of small sorbent particles by larger
waste particles, SO, emissions can be greatly reduced. A schematic representation of this novel
technology's behavior is given in Figure 5.

In pulverized coal boiler, the ReEF™ is designed so that as the solid feed and the reactant gas
enter the bottom of the reactor, the fibers and plastics undergo endothermic pyrolysis, and
protect inorganic sorbents from exposure to high temperature, thus minimizing sintering. At
this level in the reactor, the coal burns and releases SO,. When ReEF™ fragments travel upward
and are combusted, sorbents are released and can capture the SO, present in the flue gas. At
the same time, any remaining residues continue to combust. Finally, in the top zone, also called
the convection zone, sorbents desulfurize the flue gas to the point when complete burnout and
conversion are achieved. This way, optimal ReEF™ design minimizes sintering of the sorbent
early in the reactor while maximizing gas absorption later at lower temperatures before exiting
as gas/solid products [42].

The use of this novel fuel led to SO, emissions reduction greater than 80% in a bubbling
fluidized bed [43], up to 85% in a circulating fluidized bed [42], and up to 55% in pulverized
coal boiler environment [37]. This fuel and the concept behind it open a new avenue for WDEF,
as they could be combined with various air-emission control sorbents and tailored to react with
pollutant of interest (sulfur, nitrogen, heavy metals, etc.).

6. Effect of WDF co-combustion on ash related issues

Ash-forming elements occur in solid fuels mainly as internal or external mineral grains, as
simple salts (e.g., NaCl or KCl), or associated with the organic matrix of the fuel [44]. In coal,
alarge fraction of the inorganics is present as minerals, mainly as Si, Al, Fe, and Mn. In biomass-
derived fuels, such as WDF, on the other hand, the major part of the inorganics consists of free
ions and simple salts or is associated with the organic matrix, and is rich in alkali and alkali
earth metals (K, Na, Ca, and Mg) [24, 44]. Therefore, while approximately 0.5-4 wt% of the
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inorganics in coal vaporizes during combustion, between 30 wt% and 75 wt% of the inorganics
in straw, for example, is vaporized at 1200°C [44]. Alkali metals are indeed generally released
to a larger extent than the other mentioned species, vaporizing at temperature under 600°C
[24]. These alkali metals, once vaporize, may react with silica to form alkali silicates, sulfates,
and chlorides that melt or soften at low temperature, which make the co-combustion systems
candidate to deposition issues [45].

It should be noted, though, that the release of volatile inorganics depends on a large extent in
the presence of more conservative inorganic elements such as silicon and aluminum in the fuel.
It has been found that higher aluminosilicate content in the fuel makes alkalis significantly less
volatile during combustion [46]. Furthermore, alkali earth metals decrease the retention of
alkali metals on silicates leading to the formation of less adhesive compounds [24]. Mecha-
nisms behind ash deposition are therefore rather complex, which are quite challenging as they
are of vital importance for the boiler operators. Indeed, careless cofiring of difficult alternative
fuels could lead to a reduction of boiler reliability and availability, and to unscheduled plant
shut downs [47].

Three major interrelated problems associated with the inorganic content of alternative fuels
such as WDF have been identified: bed agglomeration, fouling/slagging, and corrosion.

6.1. Bed agglomeration

Bed agglomeration is caused by interaction between alkali species and silica sand (the bed
material in fluidized bed combustors) at high temperature, which can create low melting point
eutectics. These eutectics can then act as binder between bed particles, which can result in a
partial or complete collapse of the bed leading to defluidization and resulting in costly shut
downs [48, 49]. Bed agglomeration and defluidization are influenced by various parameters,
including temperature, fluidization velocity, size of bed particles, and combustor size [48].
Detection methods for agglomeration have been developed, such as monitoring of local
temperature and pressure fluctuations, which can help to forewarn the onset of defluidization
[49]. Anyhow, while agglomeration can be a major problem in fluidized bed combustors fired
with biomass-derived fuels only, cofiring of biofuels and coal largely decreases the risk for
agglomeration [50].

6.2. Slagging and fouling

While only fluidized bed combustors are affected by agglomeration, all types of furnaces are
subject to ash deposition. Heat exchanger surfaces, combustion chamber walls, and cyclones
are typically sensitive areas where deposits may cause extensive operational problems [51,
52]. These deposits reduce the heat transfer intensity and cause corrosion that reduces the
lifetime of the equipment [53]. In order to limit these issues, many coal-fired power plants
conduct sootblowing every 8-12 h [54]. Generally, two main types of deposits can be found
[55-57]:
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- slagging: occurs in the high-temperature radiant sections of the furnace, directly exposed
to flame irradiation, usually associated with some degree of melting of the ash, forming a
highly viscous liquid layer;

- fouling: happens in the lower-temperature convective sections of the combustor, generally
related to condensation on the low-temperature tube surfaces of volatile species that have
been vaporized in previous sections and are loosely bonded, forming an adhesive film that
can cause ash particles to adhere to the surface.

Slagging and fouling are very complex phenomena, but they generally simply start with the
adhesion of the ashes in suspension on the various boiler surfaces. Ashes will adhere on a
surface if it is coated with a partially melted layer. This layer can either be composed of ashes
previously vaporized which condensed on the surface [58], or be due to the fusion at really
high temperature of the materials composing the surface itself. These mechanisms are
schematized in Figure 6.

Deposition of partially
melted fuel-derived ash:

Adhesion of ashes in Sintering and fusion of tha
o = ion: ricles:
° pr— suspension: particles
-} . »
Condensaticn of vaporized v

fuel-derived ash: o D

= Ly —

Fusion of the boiler surface;

Figure 6. Schematic representation of the formation of deposits in the boilers.

Once the ashes have been deposited on the melted surface, phenomena such as sintering and
fusion can produce stronger and more lasting deposits, which are therefore more problematic.
These phenomena are accelerated in presence of alkali salts [59]. Therefore, the higher the ash
fusion temperature, the better, so that the deposits are not melted, but are loosely bond and
easy to clean with sootblowers [20]. Fusion temperature of crystals and eutectics typically
present during coal and WDF co-combustion are given in Table 2. It can be seen that the higher
the alkali content, and more precisely sodium and potassium, the lower the fusion temperature
and therefore the more acute the slagging and fouling [45, 57]. At present, in purely waste-
fired units, corrosive deposits and ash melting have limited their steam temperature to 420
470°C, and consequently their electric efficiency to 20-24% [28].
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Component Fusion temperature (°C)
K,S,0, 325
Na,S,0;, 401
Na;K; Fe, (SO,), 552
Na,SO, -NaCl 625
Na, S-FeS 640
CaSO, -CaS 850
Na,SO, 884
K,0.AL,0; .65i0, 1150
CaSO, 1450
2Ca0.Al,0; .2Si0, 1593
SiO, 1700

Table 2. Switch the table to have the line as column and vice versa. Separation between the column is not clear for the
first line. We read K20.A1203CaSO4 for example [45, 60].

In order to understand and predict the ash deposition propensity of fuels, numerous research
approaches have been undertaken. Among them is the development of a number of empirical
indices and several laboratory methods to determine the ash fusion temperatures [47].

Four temperatures are used to characterize the ash melting behavior of laboratory prepared
ash [61]: (1) the shrinking temperature (ST) defined as the temperature at which shrinking of
the test piece occurs, (2) the deformation temperature (DT) defined as the temperature at which
the first signs of rounding of the edges due to melting of the test piece occur; (3) the hemisphere
temperature (HT) defined as the temperature at which the test piece's height becomes equal
tohalf the base diameter; and (4) the flow temperature (FT) defined as the temperature at which
the ash is spread out over the supporting tile in a layer, the height of which is equal to half the
height of the test piece at the hemisphere temperature. These temperatures are represented in
Figure 7. Over the ST ashes can be strongly adhesive, which can result in slagging [60].

. A —

Original Deformation Hemisphere Flow
specimen temperature temperature temperature

Figure 7. Ash characteristic temperatures.
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From these characteristic temperatures, a slagging propensity index is evaluated as:

F :4DT+HT

5 (4)

with the temperatures expressed in degree Celsius. Ashes are classified as having a boiler
slagging propensity medium when F, lies between 1232 and 1342°C; high when F is between
1052 and 1232°C; and severe when F; is less than 1232°C. Accordingly, MSW and paper/plastic
fluff will both have a high slagging propensity [61].

Other indices are based on the finding that so-called basic compounds (or fluxing oxides) lower
the deformation temperature of ashes, whereas acidic ones (also called sintering oxides)
increase it [60]. This general rule of thumb, developed for coal ashes, can also be applied to
WDF ashes [61]. The slagging propensity of mixes of WDF and coal ashes can therefore be
correlated to the B/A ratio [60]:

Fe,0; + CaO + MgO + Na,0 + K,0 + PO, .
Si0, + AL,O, +TiO, ©)

B/ A=

with Fe,O,, CaO, MgO, Na,O, K,O, P,0;, SiO,, Al,O; and TiO, the weight fraction of the
corresponding components in the ashes.

Intensive slagging has been observed when the index is in the 0.75-2 range. Moving away from
this range in either direction has decreased the slagging intensity [47].

Finally, thermodynamic equilibrium modeling has become another tool to better understand
and predict the chemical reactions of the ash-forming matter during co-combustion of coal,
and WDF. Comprehensive description of thermodynamic database and model of ash-forming
elements in waste combustion can be found in [62].

Such approaches can give an initial assessment of the slagging and fouling propensity of the
fuels [24]. However, for a true evaluation, experimental work is greatly recommended,
especially since interactions between burned coal particles and pyrolyzed WDF particles could
lead to the formation of unexpected species. For example, in [47], the authors tested the co-
combustion of coal and 5% RDF in a drop tube furnace and observed an unexpectedly strong
effect of RDF addition, enhancing the deposition rates by a 1.5 average factor. Furthermore,
they observed big molten RDF particles in the deposits. In [6], on the other hand, the authors
observed in an entrained flow reactor a decrease of the ash deposition flux with the increase
of the SRF share. They suggest that this decrease might be related to the relatively high calcium
content of the SRF ashes, which might generate calcium components with high melting
temperature. They also suggest that due to the higher char fragmentation degree of SRF
particles, average ash particle size and/or density might be smaller and therefore the inertial
impact efficiency decreased, resulting in reduced ash deposition rate. Another example is given
in [33] where increased fouling deposits, usually composed of sulfates and chlorides, were
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observed in a circulating fluidized bed boiler with the increase of the RDF cofiring share.
Anyhow, even when increased slagging and fouling propensity was found, authors concluded
that co-combustion of coal and WDF in power plant was feasible.

6.3. Corrosion

On top of the extent of the deposits, another important characteristic is their corrosiveness.
The ratio between alkalis and chlorine in the fuels has been used to evaluate if the resulting
deposit will be corrosive or not. For WDF, this ratio is likely to be <1, predicting that alkalis
are likely to occur bounded to chlorine with little availability for alkali silicates formation [24].
Furthermore, the presence of melt in the salt deposit increased significantly the corrosion of
the steel material, especially in presence of chlorine [63]. More details about the role of chlorine
will be given in the next section, but catalytic effect between the deposit and the metal oxides
covering the tube could lead to the enhanced oxidation of SO, to SO;, which could lead to the
formation of sodium and potassium pyrosulfates and trisulfates [20]. In temperature exceeding
550°C, these species can react with the tube protective layer of oxides, and molten deposit can
exist even at temperature as low as 398°C, Na,5,0; existing in molten state at such low
temperature [20].

The oxygen content in the flue gas is of primary importance for the corrosion process—in
oxidizing conditions, the damaged oxides layer may be rebuilt, giving adequate anticorrosive
protection [20, 64]. Therefore, the occurrence of reduction atmosphere in the area of super-
heaters (which can take place by low-NO, combustion in pulverized fuel boilers) strongly
increases the risk of corrosion. This can also happened when the melted deposit prevent the
oxygen to reach the tube metallic surface [20].

One of the major drawbacks of the utilization of WDF is the higher propensity of their ashes
to deposit on the boilers surfaces. Cofiring experiments showed that even if higher slagging
and fouling occur, they were of manageable magnitude. Furthermore, combining WDF to coal
greatly reduces the ash-related damages, compared with the combustion of WDF alone.
Cofiring is therefore doable, but caution is needed.

7. Chlorine behavior in WDF co-combustion

The origin of chlorine in the fuels can be separated as organic and inorganic chlorine. In coal,
the chlorine exists mainly as semiorganic Cl that is anion CI” sorbed on the coal organic surface
in pores, surrounded by pore moisture [65]. In WDF, inorganic chlorine (e.g., NaCl) and organic
chlorine (e.g., PVC) coexist. Furthermore, their chlorine content is largely superior to that of
coal, reaching up to 1.8 wt% (see Table 1). Therefore, during the combustion of WDF, their
chlorine content reacts and is emitted in the furnaces as vapor of hydrochloric acid or as
chlorides which can condense on the surfaces of the furnaces as salts and cause their corrosion
[65]. Finally, HCl can also react with organic molecules and form dioxins and furans. These
three potential fates are described in this section and are illustrated in Figure 8.
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Figure 8. Illustration of the chlorine behavior in a combustion environment.

7.1. High-temperature corrosion

High-temperature corrosion in boilers is defined as the chemical attack of the metallic surfaces.
In combustion units, corrosion mainly occurs when the metallic surfaces are in contact with
melted salts. During combustion of coal only, the component responsible for the high-
temperature corrosion is typically (Na,K);Fe(SO,);, which may form a eutectic mixture at low
melting temperature. Potassium, sodium, and sulfur originate from the coal, whereas the
metallic surface provides the iron [59]. However, in the presence of chlorine, other corrosion
mechanisms become dominant.

Chlorine in the ash deposits accelerates the corrosion by various mechanisms. First, chlorides
decrease the softening temperature of the deposits, which, once melted, can damage the
protective oxide layer of the metallic surfaces. Therefore, as soon as the deposits temperature
exceeds the ST, the speed of corrosion increases significantly [51]. Second, the partial pressure
of gaseous chlorine under the deposits containing chlorides can be significant, even at
temperature lower than the ST, making chlorine available to attack the metallic surfaces
through a gas phase corrosion mechanism. The presence of gaseous chlorine is mainly
attributed to the sulfation of the deposited alkaline chlorides by gaseous SO, and to the reaction
of the alkali chlorides with the metallic oxides [66]. In fact, in [63], the authors studied that
when chlorine was present in the salt, corrosion could take place at temperatures clearly below
any melting of the salt deposits, and only a very low amount of chlorine was needed to trigger
such corrosion. These results can be explained by the presence of gaseous chlorine produced
by the sulfation of the deposits.

On the other hand, other studies support that the sulfation of the alkali chlorides could reduce
the deposit based corrosion [58, 67, 68]. Indeed, in [69], it was shown that a pure alkali salt,
whether it contained sodium or potassium, with no chlorine did not cause any corrosion of
any of the tested steels while all steel's samples showed indications of iron being volatilized
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from the steel surface when the alkali salt contained chlorine. Furthermore, the corrosion by
alkalis sulfates can be managed by reducing the tube surface temperature and by adequately
using sootblowers [70].

It has, therefore, been established that when the S/CI molar ratio is higher than 4, the fuel can
be regarded as noncorrosive, whereas by S/Cl < 2 the corrosion occurs almost inevitably [20].

Based on the idea of a protective layer, one of the recent developments in the field of corrosion
protection is the coating of the pipes by a dense ceramic layer of porosity under 1%. This layer
avoids the contact between the chlorine species and the metal, thus avoiding its corrosion [71].
The thickness of these layers is generally around 75-90 um.

7.2. Hydrogen chloride (HCI)

Even if in the high-temperature regions of the boiler chlorine can be found as alkali chloride,
at lower temperature, and thus at the exit of the boiler, the majority of the chlorine is found in
the flue gas as HC1 [46, 72]. In [44], for example, it was observed that during the co-combustion
of straw containing 0.55 wt% of chlorine, 98 wt% of it is found as HCL

The major problem related with HCl is the active oxidation of the tubes at high temperature
[20] (this kind of corrosion is however less aggressive than that of the melted alkali chlorides)
and the attack of the joints and equipment downstream from the boiler, where the temperature
and concentration allow the formation of liquid chloric acid [68].

However, presence of HCl could allow the oxidation of the mercury and therefore facilitates
its capture and control. Indeed, it seems that the percentage of mercury leaving the furnace in
its elementary form decreases drastically from 85 to 10% for coal containing more than 150-
220 ppm of chlorine in dry basis, facilitating the mercury capture in the particle control devices
[72].

Finally, HCI can also react with calcium, sodium oxides, and carbonates [68, 73]:

CaO +2HCl > CaCl, + H,0 (6)

Na,CO, + 2HCI <>2NaCl + H,0 + CO, @)

and be retained in the ashes. This phenomenon was observed, for example, in [12], where the
authors measured low levels of HCl in the flue gas and higher chlorine retention in the ashes
during co-combustion of coal and EF compared with coal alone in a fluidized bed. Experiments
of co-combustion of RDF and coal in a vortexing fluidized bed described in [13] also concluded
in a decrease of HCl in the flue gas in the presence of CaCQO,, as did Kim et al. [35] with their
circulating fluidized bed co-combustion experiments.

133



134  Developments in Combustion Technology

7.3. Dioxins and furans formation

Another preoccupation regarding the presence of chlorine is the formation and the control of
polychlorinated dioxins and furans (PCDD and PCDF). PCDD and PCDF are chemically stable
components, formed at temperature around 250-400°C [35]. Present during the combustion of
MSW in dedicated incinerators, they however have not been detected during the co-combus-
tion of coal and WDF [74]. This might be explained by one of the major difference between
coal power plants and waste incinerators, that is the higher sulfur level. Typical S/Cl ratio in
incinerators is around 0.2, which is one order of magnitude less than what is found during coal
co-combustion.

The major chlorination agent in the formation of PCDD and PCDF is Cl,, HCI being relatively
ineffective. Cl, may be formed via a reaction known as the Deacon reaction, which may occur
during the gas cooling process [65]:

2HCI+0.50, <> H,0 + Cl, 8)

Cl,, however, is decomposed by homogeneous reaction with SO,:

Cl, + SO, + H,0<>2HCI + SO, )

Consequently, SO, prevents the presence of molecular chlorine and suppresses the PCDD and
PCDF formation [65, 74]. Therefore, very low concentrations (<0.03 ng-TEQ/N m?®) of PCDD
and PCDF have been observed during WDF and coal co-combustion [33, 35, 36, 43].

8. Conclusion

The combustion of fuel derived from municipal solid waste is a promising cheap retrofitting
technique for coal power plants, having the added benefit of reducing the volume of waste
disposal in landfills. Furthermore, co-combustion of WDF and coal, rather than switching to
WDF combustion alone in dedicated power plants, allows power plant operators to be flexible
toward variations in the WDF supply.

Experiments show that substituting part of the coal feed by processed high-calorific value
waste reduces the NO,, SO,, and CO, emissions of coal power plants. However, the alkaline
content of WDF and its potentially harmful interaction with the coal ashes, as well as ad-
verse effects from the presence of chlorine in the waste are important drawbacks to waste-
derived fuel use in large-scale power plants. On the other hand, synergetic effects between
the coal and the waste, such as suppression of the PCDD and PCDF formation by SO,, or
oxidation of mercury by HCI facilitating its capture in the particulate control device, are
promising outlooks. Furthermore, in a world looking toward green energy production, re-
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duction of the amount of coal used to produce energy through co-combustion of cheap part-
ly renewable material that are the waste is of critical interest. Finally, waste-derived fuels can
be combined with additives dedicated to the capture of targeted pollutants, improving even
further the environmental performance of coal power plants.

Nomenclature
F, slagging propensity index (-)
DT deformation temperature (°C)
HT hemisphere temperature (°C)
LHYV; lower heating value of i (kJ/kg)
W, mass flow of i (kg/h)
€ energetic fraction of i (-)

i
th mass fraction of i (=)

i
Subscripts
c coal
WDF waste-derived fuel
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Abstract

This chapter reviews the utilization of self-sustaining smouldering combustion as a
treatment for solid or liquid waste, embedded in a porous matrix. Smouldering has been
identified as an attractive solution to treat waste with high moisture content. The
fundamental aspects of this technology, such as the experimental setup and the ignition
mechanism, are described here.

The operational parameters determine the physical properties of the media, and will
dictate the self-sustainability of the process. A discussion on how the operational
parameters affect the smouldering performance is also presented. The performance of
smouldering is usually assessed by the peak temperatures and the velocity of propaga-
tion of the smouldering front through the material.

The potential sources for energy recovery are described. Importantly, as oxidation and
pyrolysis coexist during smouldering, it was shown with potential for the recovery of
pyrolysis products, such as pyrolysis oil. Finally, a brief insight on the gas emissions,
and the perspectives regarding the technoeconomic viability in full-scale are also
discussed.

Keywords: smouldering combustion, self-sustaining, waste treatment, energy recov-
ery, review

1. Introduction

Smouldering is a complex process that involves heat and mass transfer in porous media,
heterogeneous reactions at the solid/gas pore interface, thermochemistry and chemical kinetics
[1]. It has been historically studied from a fire safety perspective because it represents a fire
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risk as the combustion can propagate slowly through the material and go undetected for long
periods of time [2]. Smouldering combustion is among the leading causes of residential fires.
Itis also the dominant combustion phenomena in wildfires of natural deposits of peat and coal
which are the largest and longest burning fires on Earth [3].

Nevertheless, the application of smouldering combustion to waste treatment is quite recent.
The first paper published using self-sustaining smouldering combustion as a waste treatment
alternative is from Vantelon et al. in 2005 [4]. The utilization of smouldering combustion for
these purposes opens a new series of questions that needs to be answered. These questions are
related, for example, to the experimental setup, the nature of the waste, the characteristics of
porous medium, the possibility of energy recovery or the generation of valuable-added
products.

The answer to some of these questions is known, while substantial research is required for
others. This chapter reviews the state of art on how smouldering combustion can be applied
for the thermal treatment of organic waste. The discussion will be almost exclusively centered
on issues related to treatment process and does not aim to cover every aspect of smouldering.
If the reader wants to go further in depth on the science and theory behind smouldering, the
publications of Thomas J. Ohlemiller, who has been studied smouldering for more than three
decades, A. Carlos Fernandez-Pello or José L. Torero are strongly recommended.

The main objective of this chapter is to provide the reader a general overview of the self-
sustaining smouldering, identifying the main variables that affect the performance and
applicability and understanding why smouldering combustion represents an excellent
alternative to treat certain type of waste.

The chapter starts defining the concept of smouldering combustion, the mechanisms that
govern its ignition and propagation and the main differences with incineration. In Section 2,
the fundamental aspects of this technology, such as experimental setup, reactor configuration
and ignition mechanisms are presented. Section 3 discusses the conditions necessary to achieve
self-sustaining smouldering; and the operational parameters affecting the performance of the
smouldering combustion. In Section 4, a description of the possible sources for energy recovery
is presented. The potential fuel production from a smouldering combustion treatment is also
introduced, showing some examples. Finally, Section 5 discusses the most important issues
related to pollutant emissions produced during smouldering; while Section 6 presents the
perspectives regarding the technoeconomic viability of smouldering in a full-scale plant.

1.1. Smouldering combustion

Smoldering combustion is a slow, low-temperature, flameless form of combustion sustained
by the heat evolved when oxygen attacks the surface of a condensed phase fuel [5]. It has been
studied for decades, generally from a fire safety perspective [6, 7] and for a wide range of fuels
such as: polyurethane foam [8-13], biomass [14-18], peat [19-23], cotton [24-26], char [27, 28]
and mining dumps [29, 30].

A familiar example of smoldering combustion is the glowing char in a barbeque or a burning
cigar. Smoldering requires that a fuel be porous as this promotes a high surface area for heat
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and mass transfer, insulates the reaction front to reduce heat losses and allows the flow of
oxygen to the reaction zone. Ignition is governed primarily by heat transfer and chemical
kinetics. The heat supplied during ignition initiates pyrolysis and other endothermic process-
es, such as evaporation, before oxidation occur. Propagation will occur when the exothermic
oxidation reaction is sufficiently strong to overcome the heat required for pyrolysis and heat
losses. If the energy available is not enough, the smoldering will quench and the propagation
ceased.

The two limiting factors for smoldering propagation are the oxygen flow and the heat losses
[1]. When the reaction is far from its quenching limits, the rate of propagation is directly related
to the rate of oxidizer supply to the reaction zone [31]. Close to the quenching limits, heat losses
and fuel characteristics can play a significant role. During a waste treatment application,
typical heat losses are associated with the presence of water in the fuel, as part of the energy
from the exothermic oxidation has to be consumed for water evaporation.

1.2. Smoldering applied as a waste treatment

Incineration is a common practice for the disposal of waste to reduce the waste volumes,
especially in those countries where land occupation is undesired. The waste management
hierarchy, described by United Nations, indicates an order of preference for action to reduce
and manage waste. The six levels of the waste hierarchy pyramid (from most to least preferred)
are: prevention, minimization, reuse, recycling, energy recovery and disposal [32]. Incineration
attends the least favored option in the pyramid of waste hierarchy. In the best case scenario,
energy recovery can be achieved by combustion of waste, which is the second least favorable
option.

In addition, while pathogens and toxins present in certain hazardous wastes can be destroyed
by the high temperatures achieved during flaming combustion (850-1200°C) it usually
requires the use of supplementary fuel to maintain the flame and the high temperatures
without quenching.

Before flaming ignition can occur, volatiles needs to be produced [33]. The characteristic time
scales of flaming combustion are on the order of milliseconds while gasification takes on the
order of seconds. This means that heat losses from the flame (radiation and convection) are
significant resulting in a decrease in flame temperature that eventually leads to quenching [34].
Characteristic reaction times in the flame cannot be changed significantly therefore flame
quenching can only be avoided by increasing the energy available to gasify the fuel or by
eliminating energy sinks. The latter can be achieved by reducing the water content, insulating
the reaction vessel or recirculating hot reaction products, while the former requires addition
of supplemental fuel.

A more direct method to achieve time-scale compatibility is to increase the characteristic
reaction time by using a slower combustion process, such as smoldering. During smoldering
the reaction rate is usually controlled by diffusion of oxygen through the fuel [5, 31]. This
means the reaction occurs on a time scale that is comparable with the diffusive transfer of heat
away from the reaction zone. Enhanced energy recovery can be achieved by directing the flow
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through the porous medium in a manner that allows for the oxidizer flow to be preheated and
the combustion products to be used to preheat the fuel. In an idealized one-dimensional
framework, this process is known as forward smoldering [8, 13].

The energy efficiency of forward smoldering allows for extended quenching limits [31], as
compared to incineration. For this reason, smoldering combustion has gained attention in the
last years as a thermal waste treatment for feces [35-40], used tires [4] and vegetable oils [41]
and as remediation technique, by treating nonaqueous phase liquids (NAPL) contaminants in
soil [41-48].

The temperatures and propagation velocities depend strongly on the operation conditions and
the nature of the waste and are generally higher than those observed during fires. With some
exceptions, typical peak temperatures for waste treatment processes are in the range 400-800°C
and smoldering velocities between 0.1 and 4 cm/min. This temperature range is lower than
that in incineration processes (usually from 850 to 1200°C, depending on the waste), but
enough to eliminate pathogens and destroy certain hazardous components.

Liquid or pasty fuels can also be smoldered when they are embedded in an inert porous matrix,
such as sand or soil. By mixing the fuel with an inert granular material, a porous matrix is
created with the necessary heat retention and air permeability properties for smoldering
combustion to be self-sustained. Sand is commonly used because it is usually inexpensive and
has been identified as an effective agent for increasing the porosity of fuels for application to
smoldering treatments [42]. For this reason, from now on in this chapter we will refer inter-
changeably to sand or porous matrix.

High levels of water content within the organic waste result in a very low effective calorific
value. Incineration of this kind of waste requires pretreatment or the use of supplemental fuel
to avoid quenching [49, 50]. This means that conventional incineration techniques are uneco-
nomical for these treatments. Importantly, smoldering has been proven as an efficient
mechanism for the treatment of waste with high moisture content. For example, it was
demonstrated that self-sustained smoldering can be used for the treatment of biosolids with
moisture content up to 80% [51].

2. Experimental configuration and procedure

The most common configuration utilized for waste treatments is generally one-dimensional,
upwards, forward smoldering. Nevertheless, other configurations are possible. Probably, the
most notable example of this is the smoldering combustion of contaminated soil in situ. In this
process, the reaction takes place in the ground subsurface, avoiding the necessity of reactors
(ex situ smoldering) [48]. However, this configuration is not always possible as the waste-soil
characteristics must be suitable for smoldering without pretreatment.

Following, we present a general description of the reaction systems, the ignition procedure
and the diagnostics that are generally utilized for smoldering treatment. This section will
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restrict the discussion to ex situ smoldering. The reader can find a detailed description of in
situ smoldering in reference [48].

2.1. Smoldering reactors

Figure 1 shows a schematic representation of a typical smoldering reactor and all its
components, in upwards forward configuration. Particularly, the reaction system showed in
Figure 1 has been utilized for the smoldering combustion of feces [35-37, 40, 52]. In this case,
upwards smoldering is taking place in a metallic and cylindrical column. The column is placed
over a base which houses an electrical heater and air diffuser. These components are covered
with layers of gravel to ensure uniformity in the airflow along the cross section of the reactor.

Thermocouple line

| Data Logger

——

Insulation

| : _ | Stainless-steel
Sand-waste mixture ———— tube
i TCA
TC3
! TC2
Heater
Gravel
— Air Diffuser
Air compressor
Base Mass flow controller

Figure 1. Schematic representation of the reaction system used in the smoldering of waste.

The propagation of the smoldering reaction through the reactor is monitored by thermocou-
ples (TCs) positioned along the central axis of the tube. The TCs are connected to a data logger
and a computer to register the temperatures as a function of time and height in the reactor.
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Other reactor geometries described in the literature are drums and bins, which have been
utilized for contaminated soil remediation [46]. Hasan et al. reported two-dimensional
experiments and computational simulations for self-sustaining smoldering of coal tar for the
remediation of contaminated sand, conducted in a metallic box-shaped reactor [47].

In general, all the smoldering reactors described in the literature are similar to the one showed
in Figure 1. Even those with different geometries possess the same elements, albeit some
components can differ. For example, an horizontal thermocouple configuration has also been
used in some cases [12], and the air diffusor can vary from a wide range of configurations (disk
[42], ring-shaped [35] or star-shaped tubes [46]).

Variations from the configuration showed can be also in the air supply or in the heating
element. For example, the smoldering of used tires has been investigated on a reaction system
that uses convective flame heating, while the airflow through the reactor is produced by a fan
placed in the exhaust line [4].

The utilization of convective heating involves higher energy losses and therefore a larger
energy input. The efficiency of the convective heater performance can be improved by reducing
the heat capacity of the reactor base, improving the heat transfer of the system (e.g., adding
insulation to the air injection system) and reducing the airflow rate during ignition [36].
However, despite the higher energy consumption, its implementation can be easier and
economically competitive. It can represent an excellent alternative for off-grid applications, or
in those places where electricity is expensive.

The pulling-air configuration has been also used, not only to treat used tires but also for the
smoldering of feces [38]. As the air permeability of the medium is changing as the waste is
being consumed, the utilization pushing-air configuration (mass flow controller) offers much
more control on the airflow. However, the pulling-air configuration offers a more economical
and easier solution as avoids the utilization of the mass flow controller, tubes and compressed
air.

2.2. Procedure of ignition and temperature profiles

Typical plots of temperature histories obtained from a self-sustained smoldering combustion
treatment can be seen in Figure 2. The example shown corresponds to smoldering of organic
waste at 65% (wet basis) of moisture content. Initial heating of the bottom layer of waste-sand
mixture is achieved by means of the heating element. Once the thermocouple closest to the
heater (TC1 in Figure 2, at 2 cm from the heater) reaches a certain temperature (400°C in
Figure 2) the smoldering reaction is initiated by the injection of air. From now on, we will refer
to this temperature as ignition temperature or Tj,. It is important that the reader must not
misconceive this temperature with the ignition point of the waste.

The heater is turned off once the temperature at TC1 peaks. In this way, ignition of the organic
material is ensured. This procedure and configuration yields a robust, repeatable ignition
across a wide range of conditions. Ignition protocols can vary depending on the fuel [53].
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Figure 2. Typical temperature histories of a self-sustaining smoldering test.

In this example the preheating period lasts approximately 90 minutes and is characterized by
a gradual increase in temperature up to the desired ignition temperature, and a plateau at
100°C which corresponds to water evaporation. Here, the dominant heat transfer mechanism
is conduction due to the electric heater used. Convection and radiation mechanisms are also
present at some degree. In this preheating period, as the distance from the heater increases,
the duration of this plateau increases. The reason is that more energy is required to evaporate
the additional water condensed in the cooler portion ahead. Hence, this plateau is more evident
in the temperature profile of TC2 in Figure 2.

When the airflow is initiated, the location closest to the heater experiences a sharp increase in
temperature up to a peak (close to 750°C in Figure 2) as rapid exothermic oxidation of the dried
and pyrolyzed fuel occurs. At this moment, convection becomes the dominant mechanism as
the hot gases move upwards. The adjacent TCs experience a temperature increase due to the
convective heat transfer from the reaction zone to the virgin material ahead.

In the combustion zone, as the reaction front approaches, only a minor plateau is observed at
100°C indicating that the heat flux from the combustion zone is enough to rapidly dry the
mixture ahead. In Figure 2, this is more evident for TC9, at 41 cm from the heater. The material
is thus predried ahead of the smoldering front’s arrival. As the fuel is consumed and the
reaction at that location stops, the temperature falls as it is cooled by incoming air. The
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succession of temperature peaks is observed throughout the mixture is indicative of a self-
sustaining smoldering reaction.

Due to the high moisture content of the material, the example showed in Figure 2 is among
the most complex smoldering treatments. In the case of treating dry waste, the plateaus
aforementioned are not seen as evaporation and recondensation of water do not occur.

3. Parameters affecting the smoldering performance

Several papers in the literature have systematically studied the influence of the key parameters
affecting the smoldering performance, which is generally assessed in terms of self-sustaina-
bility, average smoldering velocity and average peak temperature. For example, He et al.
studied the influence of the fuel characteristics on the smoldering of biomass powder [16];
Pironi et al. studied the influence of the airflow, fuel saturation and sand characteristics on the
smoldering of NAPLs and coal tar; Switzer et al. addressed the scaling effects on the same
reaction [46]. Regarding wastes with high moisture content, Yerman et al. investigated the
influence of all these parameters on the smoldering combustion of feces [35, 40, 52, 54], while
Rashwan et al. [51] mapped the parameter space for smoldering of biosolids and studied the
influence of waste nature and airflow. For every operational parameter, there is a range where
self-sustaining smoldering is possible. The velocity of smoldering is an important factor in
waste treatment processes as it is related to the waste consumption rate and hence will
determine the necessary reactor scale. The smoldering temperature is related to the possibility
of energy recovery, heat losses and insulation required and gas emissions.
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Figure 3. Parameter space outlining the range of conditions yielding self-sustaining (SS) and not self-sustaining (not
SS) smoldering: (a) moisture content versus height of sand-fuel mixture, (b) moisture content versus sand-to-fuel mass
ratio (S/F), (c) airflow rate versus sand-to-fuel mass ratio (from [35]).

The ranges of self-sustainability for each parameter are not independent; rather they are
interdependent in a complex manner. In practice, it is necessary to identify the parameter space
in which a robust self-sustaining process will operate. As an example, Figure 3 shows the
interdependency of some of these parameters for the smoldering of surrogate feces mixed with
sand [35]. A parameter space has been mapped for conditions yielding to self-sustaining
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smoldering by varying moisture content, sand-to-fuel pack height, airflow rate and sand-to-
fuel ratio.

For example, these results showed that if the moisture content of the waste is increased, then
the pack height of mixture in the reactor must be shortened and the sand concentration
increased. A similar situation occurs with the relationship between airflow rate and sand
concentration, where higher sand concentrations allow lower airflow rates. Following, the
influence of these and other key parameters on the smoldering performance will be treated in
more detail.

3.1. Moisture content

The moisture content of the feces is an important energy sink that affects the ignition [20], and
the conditions under which sustained smoldering will occur without quenching [55]. Water
evaporation during smoldering represents an important energy sink. Close to quenching
limits, moisture content is a crucial parameter for the self-sustainability of the smoldering
propagation.
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Figure 4. Moisture distribution of the sand-fuel mixture above the reaction zone for a non-self-sustaining test of feces
mixed with sand at 75% moisture content (from [35]).

Additionally, studies showed that water recondensation in the layers of cooler mixture above
the smoldering front can be significant [35]. This situation provokes an increment in the local
moisture content levels. Moreover, free water flowing down inside the column can occur and
can lead the reaction to quenching. Figure 4 shows the moisture content at different heights
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in the reactor after excavation of the mixture in a non-self-sustaining smoldering test. Water
accumulation can be clearly seen above 20 c¢m, and is responsible for the experiment’s
quenching.

Reference [35] demonstrates that the limit of moisture content for a self-sustaining smoldering
process depends on the pack height of mixture inside the reactor. The mixture pack height
affects the time-varying distribution of moisture content. This happens in two ways: (i) from
a thermal perspective, alonger pack of cool material favors increased degree of recondensation
ahead of the reaction front; (ii) from a hydraulic perspective, recondensed water is unbound
and a longer pack can generate a higher hydrostatic pressure at the moisture front leading to
more significant drainage downwards into the front. Therefore, quenching can be avoided by
using a shorter pack of sand-waste. Furthermore, other possibilities are predrying the waste
or mixing it with other waste streams to increase the average calorific value. However, both
alternatives require energy for implementation.

Far from quenching limits, the effect of moisture content in the performance of the smoldering
experiments was studied for different types of waste [16, 40, 44]. Experimental observations
showed that the velocity of smoldering propagation is not affected by the moisture content of
the medium. This independence is somehow expected since the propagation of the smoldering
reactions occurs on completely dried [20]. Regarding the smoldering peak temperatures, as
water acts as an energy sink, a reduction in the peak temperatures can be expected when
moisture content increases, as reported in [44] (up to 200°C within the range of self-sustaina-
bility). Still, variations of 10-20% in the waste moisture do not produce significant differences
in the observed peak temperature [16, 40].

3.2. Porous medium

Inert porous media that have been used for waste treatment applications are: sand, soil, a
mixture of both, gravel and refractory briquettes. By far, the most common inert porous
medium used in waste treatment processes is sand because is inexpensive and commonly
available. Agricultural waste has also been used for the smoldering of feces, however its use
is only reported and there is no systematic study on the influence on smoldering performance
[36]. While the nature of the porous medium may have also an influence on the smoldering
performance, this is not addressed in the literature.

The effect of the porous medium on the smoldering performance can be explained because it
affects the air permeability of the waste-porous medium mixture. This influence can be
described through the porous medium concentration and the particle size. Both parameters
have been investigated.

3.2.1. Concentration

The concentration of porous medium in the smoldering mixture determines the air permea-
bility of the mixture matrix and hence, its self-sustainability. If the concentration is too low,
the air permeability of the medium may not be sufficient for the oxygen to reach the fuel in
the surface of the porous medium, and smoldering will not propagate. If the concentration is
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too high there is a critical condition where there is not enough fuel (waste) to overcome heat
losses and sustain the smoldering reaction.

As Figure 3 shows, the operational window for sand concentration (expressed as sand-to-fuel
mass ratio) is reduced if, for example, the airflow is reduced. Within the range of self-sustain-
ability, the smoldering performance is affected by the porous medium concentration. Both
smoldering temperatures and propagation velocities decrease when the sand concentration
increases.

As the sand concentration increases, there is less fuel per length unit. This decreases the energy
release rate and therefore the smoldering velocity. As the porous medium is generally inert
and not combustible, part of the energy released from the exothermic oxidation has to be
consumed on heating the porous medium and therefore, it acts as energy sink. This provokes
that the smoldering temperatures also decrease when the porous medium concentration
increases [40, 44].

3.2.2. Particle size

A similar situation occurs with the influence of the particle size. A window of particle size can
be identified where self-sustaining smoldering is possible. At low particle sizes, the fine
particles do not provide enough air permeability to the mixture. At the other extreme, when
the particle size is too high, the hot gases pathway towards the end of the reactor is short, and
therefore the energy is not efficiently transferred from the smoldering front to the portion of
mixture ahead.

This was confirmed by some experimental observations where the temperature of the exhaust
gases was higher when using gravel instead of sand as porous medium. These hotter gases
leaving the reactor take away part of the energy which is required for the self-sustaining
propagation.

Smoldering performance as a function of the particle size was studied for the combustion of
feces [40] and coal tar [44] mixed with sand/gravel. Both the temperature and smoldering
velocities decrease when the particle size increases towards the critical value. However, this
parameter appears to be the one with the least impact on the peak temperatures and smol-
dering velocities, at least among those that were systematically studied. Those papers descri-
bed a slight variation of smoldering temperatures and velocities (not more than 36%) within
the range of self-sustainability. Pironi et al. [44] suggested that it might be balance between
the expected increment in the smoldering velocity due to the increment in the fuel surface area
per unit volume, and the decreased fuel concentration.

3.3. Airflow rate

Smoldering requires oxygen to sustain the exothermic oxidation reactions. Thus, there
is a minimum oxygen concentration in the smoldering front required for propagation.
This minimum concentration is mainly a function of the air permeability of the propagation
medium. Above that threshold, the oxygen concentration will always be enough for
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self-sustaining propagation. While there are some studies on the influence of the oxygen
concentration on smoldering [56], all waste treatment processes utilize atmospheric air.
On the other extreme, at very high airflows there is a critical condition that can enable
transition to flaming. This transition depends on the scale, moisture content and
characteristics of the fuel.

There is enough evidence that the rate of propagation is directly related to the rate of oxidizer
supply to the reaction zone [31]. Switzer et al. studied the smoldering remediation of NAPL-
contaminated materials [46] and found that the remediation time can be controlled by the air
injection rate, with higher rates leading to higher propagation velocities. The correlation seems
to be linear in experiments performed with different reactor geometries.

In another work, Yerman et al. found a clear linear relationship between the airflow and the
smoldering velocity during the smoldering of feces mixed with sand. Authors reported a linear
regression of 0.996 within an airflow range where the airflow is increased more than 13 times
(see Figure 5). Airflow is the parameter with higher impact on the smoldering performance.
As the example shows, just modulating the airflow, the smoldering propagation velocities can
be changed by more than one order of magnitude.
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Figure 5. Average peak temperature and smoldering velocity (Us) as a function of air Darcy flux for self-sustaining
smoldering experiments of feces mixed with sand (from [40]).

Regarding the peak temperatures, these tend to increase at low airflows and decrease at high
airflows, as Figure 5 shows. This is mainly associated with the fine energy balance between
heat transfer and the heat release rate from the exothermic oxidation. Increasing the airflow
implies higher heat release rate, which raises the temperature inside the reactor. On the other
hand, at high airflows, it was observed that the temperature of the gases leaving the reactor
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increases with the airflow. This means part of the energy is leaving the reactor with the exhaust
gases. Due to the high velocity of the gas inside the reactor, the heat from the exothermic
reaction is not efficiently transferred to the mixture inside the reactor, and the observed
temperatures are lower. A similar behavior was reported for the smoldering of coal tar [42].

3.4. Others

3.4.1. Scale

During smoldering, heat loses are linked to process scale. Heat losses diminish when the scale
is increased due to the lower surface-to-volume ratio. Consequently, the operational window
where self-sustaining smoldering can be possible is extended at larger scales (e.g., higher
moisture content).

Smoldering temperatures are also usually higher at larger scale due to the reduced heat losses.
However, the propagation velocities are not necessarily affected. This was observed in [52]
where the smoldering of surrogate feces was studied under the same operational conditions,
reactor geometry, but different scales. While the smoldering velocity does not change with
scale for the same operational conditions, the waste consumption in mass per time unit
increases with the size of the reactor. This is an important observation for scaling-up the
smoldering technology, as the waste consumption rate can be predicted from laboratory-scale
tests.

3.4.2. Ignition temperature

It is important to remind the reader that ignition temperature was defined as the temperature
where the airflow is initiated. Reports showed that the airflow can be initiated at temperatures
that are considerably below the spontaneous ignition of the waste, even at ambient tempera-
ture [36, 40].

Those studies also showed that there is no influence of the ignition temperature on the
smoldering performance. Therefore, as it is always desired to operate this technology with the
least energy consumption as possible, the situation where the energy consumed during
ignition is the lowest should be chosen and determined for every case.

A higher ignition temperature is usually associated with alarger energy input from the heating
element. However, this is not the case at low (close to ambient) ignition temperatures. When
the airflow is initiated at low temperatures, the sand-waste mixture is then cooled by the
incoming fresh airflow. Hence, more energy (and time) from the heating element will be
required to achieve combustion of the organic waste.

4. Energy recovery

There are several sources for potential energy recovery from a smoldering combustion process.
These are: (i) steam condensation, (ii) hot sand, (iii) hot gases and (iv) fuel production.
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4.1. Steam condensation

Steam condensation represents an attractive source of energy, especially when the waste to
treat has high moisture content. In some cases, the energy recovered from condensation can
be as large as the energy required for ignition [36].

Another example of this is one of the prototypes presented for the Reinvent the Toilet Chal-
lenge launched by The Bill and Melinda Gates Foundation. This prototype is a sanitation
mechanism for disinfection of human waste that relies on the smoldering combustion of feces.
In this system, the steam generated from flash drying of the feces, before condensation, is used
in a heat exchanger to pasteurize the urine and liquid waste from the toilet, maintaining the
temperature between 65 and 75°C for several hours [38].

4.2. Hot sand

After the smoldering treatment, the sand obtained is clean and hot. In general, only a slight
change in color is observed [35, 36, 43, 52]. This is usually attributed to the oxidation of the
iron compounds in the sand [42].

The hot sand represents an important heat source than can be used, for example, to predry the
next batch of waste. In the case of smoldering of feces, it was demonstrated that sand can be
reutilized for at least five consecutive treatments [36] without impact on the smoldering
performance. The presence of fine ashes within the inert porous matrix will decrease the air
permeability of the sand-waste mixture, reaching eventually a critical condition where
propagation of smoldering combustion is not possible. The ash accumulation is a function of
the inorganic content in the waste, and the sand concentration used for the smoldering
treatment.

4.3. Fuel production

The low temperatures of the smoldering reactions generate the potential recovery of pyrolysis
products. Pyrolysis oil production from smoldering combustion processes has been assessed
for used tires [4] and feces [57].

Figure 6 shows the different zones that can be distinguished during smoldering, inside the
reactor and can help to understand how and where the pyrolysis products are produced. The
first region (bottom) is defined as the region where the fuel has been consumed by the passing
smoldering front (combustion zone). Ahead of the smoldering front heat is transferred via
conduction, convection and radiation to the unreacted sand and fuel. In this region, the oxygen
concentration is considerably depleted and heat is consumed in the endothermic pyrolysis of
the fuel. As the available heat decreases, the temperature eventually reaches a critical point
where pyrolysis cannot be sustained (usually 200-300°C).

The end of the pyrolysis zone marks the beginning of the preheating zone where heat is
consumed through preheating of the unreacted zone. As the available heat decreases, the
temperature eventually reaches ambient temperature, which delineates the end of the pre-
heating zone. After that zone, only virgin sand-fuel mixture is present.
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Figure 6. Zones that can be distinguished during smoldering and inside the reactor (modified from [57]).

The yield of pyrolysis products during smoldering can be maximized if pyrolysis temperatures
are maintained in the zone of low oxygen concentration. In other words, the larger the pyrolysis
zone is, the higher the amount of pyrolysis products obtained.

The extension of the pyrolysis zone can be increased if the fuel is dry and has a high calorific
content, providing more energy available for pyrolysis and reaching higher temperatures.
Comparing the two aforementioned examples, rubber tires have a calorific content about eight
times higher than wet feces. That study observed that the oils exhibited a mass percentage
yield of 35% relative to the tires. Maximum oil recovery was observed at the minimum
smoldering velocity. On the other hand, maximum oil yield from smoldering of feces was only
7% relative to the mass of dry feces. In this case, pyrolysis oil yield seems to increase with the
airflow rate, although the relationship is not completely clear.

5. Gas emissions

The potential for the formation of harmful compounds exists in every smoldering process,
especially when the waste represents an environmental hazard (e.g., coal tar). As in an
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incineration process, the gas emissions must be assessed and controlled or captured. In the
same way, gas emissions can vary significantly depending on the waste nature, oxygen excess
and other operating conditions. Nevertheless, some general features associated with the
effluent gas composition can be addressed.

It is of great importance to notice that the gas emissions associated with smoldering differ
significantly from those produced during flaming combustion. Yet, the same standard gas
treatment practices can be applied in both cases. As pyrolysis and oxidation coexist during
smoldering, smoldering produces higher amount of hydrocarbons and CO than incineration.
For example, Rein et al. found that the CO/CO, ratio is approximately 0.4 during smoldering,
while it is approximately 0.1 in flaming combustion [22, 58]. In addition, Switzer et al. report
CO/CO, ratios of 0.1-0.7 when using smoldering for remediation of NAPL-contaminated soil
[46].

Pyrolysis products, which are usually oxidized in the presense of flaming combustion,
contribute significantly to the gas emissions during smoldering. These products include
hydrocarbons, volatile organic compounds (VOCs) and polyaromatic hydrocarbons.

While quite a few papers on emissions during natural smoldering can be found in the literature,
there are not many scientific reports on emissions during smoldering combustion applied to
waste treatment. Scholes et al. report total VOCs between 47 and 88 g/L for the smoldering
remediation of coal-tar-contaminated soils [48]. While these values can be higher than those
during incineration, they are considerably below the VOC emissions during composting of
waste [59] or from typical manufacturing industries [60].

Regarding production of NOx and SOx, Switzer et al. studied the smoldering combustion of
nonaqueous phase liquids mixed with sand and soil. Nitrogen and sulfur oxides were not
detected above the threshold of 1 ppm [43]. It is preassumed that this is due to the lower
temperatures during smoldering as compared to incineration, although further and extensive
research is needed in this matter.

6. Technoeconomic viability

As for any other technology, the technoeconomic feasibility for applying smoldering as a waste
treatment process must be assessed for every particular case, and compared to other possible
alternatives. Applicability scenarios can be very different, and many factors should be taken
in consideration for a technical analysis, that every particular case must be considered
separately. For example, the aim of the treatment (e.g., environmental hazard, volume
reduction, dewatering, metal or nutrients recovery) is strongly related to the economic return.
In this section, the general considerations and critical issues to take into account when
performing technical and economic analyses are presented.

At present, soil remediation is the only full-scale and real application of smoldering as a waste
treatment process [48]. Nevertheless, current investigations on the topic demonstrate that the
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technology is economically feasible for other applications. In the close future, smoldering is
envisaged as an alternative for the treatment of many waste streams.

As a general rule, smoldering is a suitable alternative for reduction of waste volumes, espe-
cially for waste streams with high moisture content. Furthermore, it is an attractive option to
treat hazardous waste, as the high temperatures ensure pathogen destruction. In both cases,
the thermal treatment should be performed on site. In the former case, this would avoid
important transportation costs as highly wet waste usually comprises large volumes, and in
the latter, it would elude the impracticality of handling hazardous materials.

In general, the technical feasibility can be usually assessed at laboratory scale, as the higher
heat losses make this scale a conservative scenario. As the smoldering velocity does not change
with the scale, the operating conditions and size of the reactor for a full-scale application can
be easily extrapolated from those laboratory tests. The full-scale of this technology depends
on the waste production rate and also on the type of waste. While accumulation of waste may
be possible in some cases to generate adequate volumes, this is not always feasible. If the aim
of the treatment is the elimination of pathogens — as can be the case of feces, animal waste or
hospital residues — then the destruction has to be almost immediately, and the scales required
are smaller. For example, a toilet that smolders feces should operate in the range of kilos per
day, as compared with agricultural waste or contaminated soil that must operate in the range
of tons per day.

For the economic analysis, the expenses to consider are: equipment, installation, operation,
maintenance and reduction of fees paid for the disposal of waste. Equipment, installation and
maintenance are substantially the same for every smoldering application. However, maximum
temperatures and corrosiveness of the waste can determine the necessity of different reactor
materials and wall thicknesses. The operation costs are mainly associated with waste pretreat-
ment, mixing, ignition and reactor loading/unloading. Waste pretreatment can include:
adaptation of the waste particle size (in the case of solid waste) or predrying (for liquid or
pastry waste).

The potential sand reutilization and energy recovery must be also considered in the economic
analysis, as they would reduce the operative costs. The operating conditions of smoldering
should be chosen to maximize the benefit from these. There are other issues to consider that
may have impact on the operating conditions. For example, heterogeneity of the waste is
inevitable and because of this the smoldering must operate far from quenching conditions.
Also, the possibility of mixing the waste with other waste streams should also be considered.
This can have two benefits: reduce/avoid sand utilization and increase the calorific value (and/
or reduce the moisture content).

Finally, additional profit can be obtained from environmental benefits. Still, environmental
issues must also be carefully taken in consideration. For example, smoldering applied to soil
remediation can bring massive benefits, as avoids the contamination of water resources. On
the other hand, losses of nitrogen and carbon in the soil result in a poor soil for plant growth,
and further soil rehabilitation is needed [61].
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