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ABSTRACT

South Africa is one of the world’s largest coalguwoers and exporters. However the quality
of coal being mined is declining and hence bereditg is required to meet export quality.
Through beneficiation, waste coal (discard coal ahdf coal) is produced and its
accumulation is increasing yearly. The storagevabte coal can lead to environmental
issues and is an eyesore to local and internatisigatseers in the highvelds. Therefore
utilisation of waste coal, or land reformation béir sites is a necessity. In order to utilise
waste coals, international coal consumers haveiegppluidised bed combustion (FBC)
technology. Fluidised bed combustion is a fuelifi&technology, capable of burning waste

coal with reduced nitrogen oxides and sulphur diex@missions.

The objective of this research was to evaluate chrmbustibility of high-ash coals in a
bubbling fluidised bed combustor. This study pregmbthat high ash coal will combust in the
BFBC with reduced emissions as well as without aghlomeration. The research carried
out entailed coal and limestone analysis (chemiel@mental and mineral analysis), coal
combustion tests in a pilot scale BFBC facility ¢(hfferent combustion temperatures and
different limestone feedrates), fly ash analysientental and mineral quantifications) and

data consolidation.

On average, fly ashes from the three coals testeldahcarbon fraction lower than 0.1%.
Coal C had the lowest carbon-in-ash residue ateafling conditions. The addition of
limestone without adjustment of the air/fuel ratpacted negatively on the combustion
efficiency at the highest Ca/S ratio. Coal A h&e tighest sulphur self-capture and
retention, and the highest amount of decomposedteand dolomite. Overall limestone
addition reduces the amount of Sé&mnitted. The BFBC test displayed low Némissions
which were lower than the minimum emission stand@mdnew plants. NQ emission
increased with increasing bed temperature agd &mission decreased with increasing bed
temperature. No ash agglomerations or slaggingdesscted during tests and the post-test

reactor observation. Coal B has the lowest slaggmopensity.

Overall, this study has shown that low quality soedn be combusted in the BFBC. The
results showed that the considered coals can bebwusted effectively with reduced

emissions, without ash agglomeration, and with logggbon-in-ash.
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CHAPTER 1: INTRODUCTION

1.1 Background and Motivation

South Africa is one of the top producers and exgserof coal. It has the world’s largest coal
export terminal and its geographical position (lesw the Atlantic and the Pacific oceans)
allows the South African coal producers to expornpetitively to either Europe or the East
(Eberhard, 2011). World Coal Association statedsrCoal Fact 2012 publication that 42%
of the electricity generated in the world is fromatand that South Africa generated 93% of

electricity locally from coal.

South Africa’s coal reserves are estimated betvi®eand 55 billion tonnes (Eberhard, 2011)
with the majority of the mines situated in the GahBasin (the Emalahleni, Highvelds and
Ermelo coal fields). However the quality of theper coal produced in South Africa is
declining, and coal with lower heating value andhler ash content is being mined and
beneficiated to meet export specifications. Steaa for domestic use is taken from the
middling and large amounts of discard coal are pred at a rate of about 60 million tonnes
per year (Eberhard, 2011). Eskom uses 70% of tireedtic steam coal for electricity
generation, 20% by SASOL in its coal-to-liquid pesses and the rest by other industries as
shown in Figure 1.1.

Merchants &

Metallurgical _ residential 2%
3%
Industries 5%

Figure 1-1: Domestic ration of coal usage (Eberhard2011)
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The stockpiles of discard coal are an eyesore anehaironmental concern; however these
stockpiles can also be a source of energy. Discaals have a high amount of ash, low
volatile matter, high sulphur and lower heatinguea(<14 MJ/kg). Petrie (1985) stated that
fluidised bed combustion is an attractive techngldgr burning coal not suited for the
conventional coal-fired power plants. Lloyd (20@f§o stated that the reason for not burning
discard coal is that boilers have not been develdpeuse materials as abrasive as discard
coal. This author further mentions that the ‘bétwuality discard coal is situated in
Mpumalanga, a water scarce region, where water dvbal required if this coal was to be

used to generate power.

Therefore a clean coal technology has to be addptedrn the discard coals efficiently and
in an environmentally friendly procedure. In ligiftthe above and with the advantages that
fluidised bed combustion (FBC) holds in the futuwezomprehensive research program was
devised with the aim of combining local combustexperience with international experience
in fluidised beds.

FBC is generally regarded as a robust technologly winique characteristics, rendering its
suitable to a host of different applications. 11890, the turnkey for the construction and
commissioning of a pilot scale bubbling fluidiseddbcombustion (BFBC) for Eskom was
completed. The aim was to evaluate the suitalwlittyBC for South African application with
regards to electricity generation. This specifiadg aims to assess how different coals
behave inside a pilot scale BFBC reactor with egfee to the extent of reaction of the
constituents in the coals and sorbents, and commplaeedifferences based on the combustion

efficiency, gaseous emissions and the compositidly ash.

1.2 Objective of the Dissertation

The objectives of this study are:

* To establish the combustibility of high-ash coalsewer station and discard coals)
with and without sorbent in the pilot BFBC, and
* To determine the effect of temperature, fluidisvgocity and excess air on the

performance of the pilot BFBC.

2|Page



1.3 Research Questions
To accomplish these objectives, the following me#search’ question is presented;

« Can South African coal be effectively combustedngsa bubbling fluidised bed

combustion technology?

To obtain the answers to this question, three sidgstipns are introduced and answers to

these will consequently lead to the main solutidhese sub-questions are;

» How does the carbon-in-ash differ for the coalthatdifferent temperature?
* How are the gaseous emissions impacted by utilisiadFBC technology?

* How do the coal constituents affect ash deposéiwhagglomeration in BFBC?

1.4 Overview of the Dissertation

The dissertation is divided into five chapters;

Chapter one introduces the objectives of this samy also states the questions that need to

be answered.

Chapter two is a literature review of FBC technglagd highlights other uses of the BFBC
technology locally and international. The chaikso includes a background on fluidisation,

coal combustion chemistry and sulphur capture cbieyni

Chapter three describes the methodologies adopt#ds study to obtain both the technical
and analysis data. It describes the test equiprasatd and the procedure followed to

eliminate any discrepancies between the tests.

Chapter four outlines the experimental test workadand results; it also focuses on the
analysis of the fly-ash obtained from the pilot BEB In this chapter the discussions are

aimed at providing solutions to the questions iapthr 1.

Chapter five outlines the conclusions derived fribmis study and the recommendations for

further work based on the study.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Perry and Green (2007) state that gas-solid fledlised systems are generally for contacting
purposes, but in some instances the presence @ath®r solid is solely used to provide a
fluidised bed to accomplish the desired resultlidSare of great importance in the chemical
process industry, mineral processing, pharmacdupicaduction, energy-related processes,
etc. (Avidan et al, 1997). These solid particleseither used as catalysts in some processes,
or undergo chemical conversion as in ore processimipysical transformation like drying as
noted by Petrie (1985).

Chapter one introduced the motivation behind thisrkwas the need to assess the
combustibility of high-ash, low CV coals in Eskompslot scale bubbling fluidised bed
combustion facility for future utilisation in powgeneration. Chapter two’s objectives are to
conduct a literature review on the following elertsen

* The fundamentals of fluidisation,

» Coal combustion in FBC technology,

» The effects of the operating parameters,
* Mineralogy of ash from FBC systems,

» International perspectives on BFBC and

* South African view on fluidisation.

2.2 Fluidisation Fundamentals

When a liquid or a gas at low velocity passes thhoa bed of solid particles, the particles do
not move. If the fluid velocity is steadily incied, the pressure drop and the drag force on
individual particles increase, and eventually thartiples start to move and become
suspended in the fluid. This phenomenon wherdid bed acquires fluid-like properties is
called fluidisation. The fluidisation medium caither be liquid, gas or liquid-gas arising to

fluidised systems of liquid-solid, gas-solid anduiid-gas-solid. The fluidised system of
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interest in this study is the gas-solid systemgufé 2-1 depicts the progression stages of a

gas-solid fluidised system.
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L ]

Aggregative fluidization

Increasing gas velocity

Figure 2-1: Fluidisation regimes (Perryet al, 1997)

A typical gas-solid fluidised bed system comprisésan air plenum, a distributor, a bed
region and a free-board region. In a gas-solidesystir enters the reactor via the air plenum
and distributed across the bed by the distribu®olids are placed on top of the distributor
plate through which air passes and at the correldcity, fluidisation is achieved. Solids
entrained by the air from the bed region passesth@ free-board region before exiting the

FBC reactor. A typical schematic of an FBC rea@hown in Figure 2-2.

Publications on the fundamentals of fluidisatioe awvailable from numerous authors and
institutes. These publications provide informatansolid classification, bubble formation,
minimum fluidisation velocity, gas flow pattern,cet The objective of this section is to

summarise some of these fundamentals that arecapfdito BFBC assessment.
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Figure 2-2: Schematic of a Fluidised Bed (Escuder@010)

2.2.1 Minimum Fluidising Velocity

In a gas-solid system, minimum fluidising velod#ythe velocity of gas where the drag force
exerted on the solids equals the weight of thelqudrticles per unit area. Fueyo and Dopazo
(1995) state, the minimum fluidising velocity ipably the single most important parameter
in determining the performance of a FBC. Figurgé €iows the impact of gas velocity and
differential pressure on a bed packed with solidigas. At low velocity, the particles do
not move (fixed bed). If the velocity is graduaihcreased, the pressure drdgP} across the
packed bed will also increase until fluidisation imtiated at the minimum fluidisation
velocity (Figure 2-3). Beyond the minimum fluidiga velocity, in an ideal environment the
differential pressure across the bed should rermpairstant. However in real environments

the behaviour of the differential pressure is ddfd as depicted in Figure 2-3.
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Figure 2-3: Pressure drop versus fluidising velocyt, (a) ideal (b) real (Fueyo and
Dopazo, 1995)

Minimum fluidisation velocity can be predicted bging a correlation between differential

pressure and gas velocity according to Ergun’setation,

Equation 2-1

150(1—&mf)uUms 1.75(1—smf)u,2nfpg)
péey pd bs eppdp

AP=L<

wherelL is the bed heighiy is the fluid dynamic viscosityg is the particles’ sphericity,
dp is the diameter of the particlesy is the gas density andis the bed’s void fraction.

Differential pressure at a fluidisation point igelenined by the following equation,

AP = L(ps — pg)g(1 — emy) Equation 2-2

where g is the gravitation acceleration apgis the particle density. For a system with
Reynolds number less than 20, i.e. laminar flonguBis equation can be simplified to

determine the minimum fluidisation velocity;

_ d5(ps=pg)g (s3¢3)

Equation 2-3
150u 1-¢

Uy
However using Ergun’s equation requires knowledfeparameters that are difficult to
acquire for real systems (parameters like the \gmdat fluidisation and the sphericity).
Suksankraisorn et al (2001) observed the prediafahe minimum fluidisation velocity by

Wu and Baeyens (1991) from various correlations.
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Table 2-1: Ergun’s Equation Selected Derivations (@sankraison et al, 2001)

Author Equation
Wen and Yu Upp = p“g (/1135,7 + 0.048Ar — 33.7)
9%

Baeyens and Geldart

Levaet al

Goroshokeet al

Leva

Bena

Rowe and Henwood
Miller and Logwinuk
Frants

Davies and Richardson

Pillai and Raja Rao

Broadhurst and Becker

Saxena and Vogel

Babuet al

Richardson and Da St. Jeromino

Doichev and Akhmakov

Thonglimp

Bourgeois and Grenier

Ar = 1823RepY + 21.27Ref
7. 39d1 82(pp _ pg)0.94

mf = pg .06
Hg Ar
Uny =5 =)
Pgdy \1400 + 5.2/Ar
7.169 X 10—4d1.82(pp _ pg)0.94g
mf = 0.006 088
Pg

_ ug (138x10° 3Ar
me (Ar + 19)0-11

8.1x 1073d3(p, — pg)Yg

mf = Py

0.00125d5(p, — pg)*°p3tg
mf = P

1.065 x 1073d} (pp — pg)g
mf = i

7.8 % 107*d(p, — pg)Yg
mf = Py

7.01 X 10~*d3(pp — pg)9g
mf = Iy

Hg Ar
Uns = pod | 0, \013 |
9% \2.42 x 105 47085 (—”) + 37.7/
Pg
Upys = “g (st 282 + 0.0571Ar — 25.28)
p
Upys = (J25 252 + 0.0651Ar — 25.25)
Upys = (st 72 + 0.0365Ar — 25. 7)
( 08 x 10734r0947)

Upys = ( 31.62 + 0.042A7 — 31.6)
Upys = (st 462 + 0.038244r — 25.46)
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Suksankraisorn et al (2001) measured the minimuidifled velocity at temperatures above
ambient and compared their results to the cormaiatiin Table 2-1: Ergun’s Equation
Selected Derivations (Suksankraison et al, 200I)hotigh most of the correlations were
consistent with their laboratory determined miniméioidisation velocity at the different
temperatures, none were capable of accurately qimeglithe minimum fluidisation velocity.
Suksankraisorn et al (2001) recommended that atiwel for the prediction of minimum

fluidising velocity should be a rough guideline ynl

Escudero (2010) found that the minimum fluidisinglocity is proportional to the solid
particles density. This author states that fordsglarticles of higher density, a higher
superficial gas velocity is required to establifidisation. Hence, minimum fluidising

velocity is a function of the gas and solid padiploperties.
2.2.2 Bubble Formation

Bubbles generally form at the holes of the distabuand propagate through the bed. A
bubble within a cloud of bubbles rises faster thaa in isolation, except for those in beds of
larger mean particle diameter of 1 mm, where tke rate tends to be slower (Howard and
Elliot, 1983). Howard further mentions that asublble rises through the bed it grows by
collection of gases from the surrounding phase tmdugh coalescence. Olsson (2008)
states that bubbles and gas channelling affecteffidency of FBC negatively, and that

bubble size, rise velocity, shape, distributiorgirency and flow pattern are of interest in the

determining the interaction of bubbles with bedeniats.

Bubbles play an important role in some aspectdeffluidised bed performance; some of

these aspects are (Fueyo and Dopazo, 1995):

* Mixing — the upward motion of bubbles in a fluidised sysigreatly enhances mixing,
and hence promotes the uniformity of bed prope(ges. heat and mass transfer),

* Bed expansior The bed height is a function of the bubble-phadame within the
bed,

* Through flon— Fast-moving bubbles carry with them a cloudad gnd particles that
circulate through the bubble but are not exchangdti its surroundings. This
through-flow hampers mixing, and may cause theriatidn of unburned particles,

and
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e Elutriation — The phenomenon of elutriation is compounded kg blrsting of

bubbles at the bed surface, which throws particiesthe freeboard zone.

The behaviour of bubbles within the fluidisations®m can be described by Geldart's

particle classification chart which is shown in trig 2-4.

4000
3000
2000

Pe=Pe 1000

kg/m’s

Figure 2-4: Geldart Particle Classification Chart Fueyo and Dopazo, 1995)

Holdich (2002) explains these regions in termsudflde formation and fluidisation impact as

follows;

» Group A: Aeratable, may not bubble, if it does thed expands before bubbling,
may have fast moving bubbles less than 100mm

* Group B & D: Large bubbles may form slugs. Groupgiizes slow bubbles

» Group C: Cohesive, high inter-particle forces leaddifficult fluidisation, may form

channels or slugs instead

Bubbles in fluidised beds belonging to groups A &nth the Geldart particle classification
chart are typically spherical cap-shaped (Olss@@82 The size of a bubble in a fluidised

bed changes continuously due to coalescence aitiihgpl
2.2.3 Particle Size

Fluidisation of a system depends on the type arel @i particles being used. The size and

type of particles used impacts on the minimum fkatdon velocity and the formation of
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bubbles within the fluidisation system. Geldanparticle classification is based on their
mean diameters (Group A, B, C and D) and the diffee in density between the fluidising

medium and the particlep,(—pg) as shown in Figure 2-4 above.

Most solid fuels used in commercial fluidised bemnbustion of solid fuels belong to group
B which contains most of the material of mediumgaursize and density (Johnsson, 2007).
Fluidised beds employing group B particles havencding minimum bubbling and
minimum fluidising velocities (Olsson, 2008). W2003) states that the solid particle sizes
in the bed (0.5 mm to 1.5 mm in BFBC and 160 in CFBC) is determined by the feed
particle size (2 — 6 mm for BFBC).

2.3 Fluidised Bed Combustion: An Overview

Fluidised bed combustion had been thoroughly rebeand extensively reported in a number
of publications. This section provides an overvieivthis established technology with a
focus on BFBC.

2.3.1 The Technology

The fluidised bed combustion technology appliesgtieciple of fluidisation which implies
that the particles are suspended in air and, ststiaige, the mixture of air and solids behave
like a fluid (Zhangfa Wu, 2003). For coal combaost fine coal particles in the reactor are
suspended in air where they are free to move aadt te produce heat, gases and solid
residue. Two types of fluidised bed combustiocht®logies boilers dominate the FBC
market; bubbling fluidised bed combustion (BFBCY aiirculating fluidised bed combustion
(CFBC). These are illustrated in Figure 2-5.

Johnsson (2007) lists the characteristics of tleetog of fluidized bed units applied in

combustion are as follows;

* A height to diameter (aspect) ratio of the risethef order of or less than 10,
» Aratio of the static bed height to riser diameteless than 1,

* Fluidised solids belonging to group B in the Gelddassification, and

« For CFBC units a solids net flux typically rangifigm 0.5 to 20 kg/ms.
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a. b.

Figure 2-5: Principle outline of FBC boilers (a) BBC (b) CFBC (Johnsson, 2007)

Mladenovic et al (2012) mentions that the differences in combustionditions between
BFBC and CFBC boilers are a consequence of diffe@BC hydrodynamics; namely
smaller inert material particle size, higher flg@fion velocity, different particle
concentration, different mixing, and fuel partictérculation up to the total burn-out.
However two important parameters for the combuspoocess are the same; combustion
temperature and excess air. Some other factsriflaemnce combustion in the two systems
are listed below (Mladenoviet al 2012);

* In both types, bed temperature is practically ti@es (800-850C), but in CFBC it is
constant along furnace height, while in BFBC a iigant difference between bed
and freeboard temperature can exist, which depesgsmuch on coal rank (volatile
matter content), char reactivity and particle simgribution. However, conditions in
the bottom bed of CFBC are similar to those in BFEBC

* Mixing of fuel particles, gas mixing and inert pel¢ mixing are more intensive in
CFBC regimes, so the convection component of heaister is higher in CFBC
conditions. The height of the CFBC boiler furné&ehosen to allow higher burn-out
rates of small particles in one pass. Large desgiare circulated until maximum
burn-out is achieved. Due to these facts, for thmes fuel applied, combustion
efficiency is higher in CFBC than in BFBC,
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» Limestone particle sizes are smaller and hence hanger specific surface area

available for reaction. The degree of desulphuosain CFBC is greater than in

BFBC because of the longer residence time due-tarealation, and

* Due to the staged combustion, Ngpnission in CFBC is lower than in BFBC.

2.3.2 Developments in FBC

IEA-Clean Coal Centre (June 2006) profiled the dgwments of FBC technology based on

difference in operating pressure (atmospheric aedgurised) of the two systems. This is

shown in Table 2-2.

Table 2-2 Technology status of FBC Technology (IEA-Clean Cal Centre, June 2006)

BFBC PBFBC CFBC PCFBC
Unit size Up to 300 MWth | Up to 360 MWe| Up to 460 MW/ Pilot Scale
Steam conditior | Sut-critical 7 Sul-critical and| Sut-critical and 1
1 supercritical supercritical
Plant Efficienc' | 30% with| Up to 44% with| 38-40% with sul-
industrial boilers | sub-critical, 44% critical, 43% with
with supercritical | supercritical
Plant availabilit | >9C Not availabl 9C-98
NOx Emissions| <40( <40C <40C
mg/nt
Sulphur retentiol| Lower than| 90% at Ca/¢| 90% at Ca/S rati
efficiency CFBC/PBFBC ratios of 1.8-2.0 | 2
Particulate <50 with ESP/bag 3.5-76 <50% with
emissions, filter ESP/bag filter
mg/m3
Future Continuous Uncertait Major Uncertait
development development development
Market potentic | Favourabl Unfavourabls Strong Unfavourabls
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BFBC has been used at relatively small unit sizgsg up to 300 MW. The steam
conditions of BFBC are generally lower than CFB@ &merefore plant efficiencies (energy
transfer from coal to electricity) are normally anol 30% with plant availabilities over 90%.
NOy emissions are lower than conventional PF combugtalers due to the low combustion
temperatures. If air staging (primary and secondan) is applied, NQ emissions can be
lower than 40 mg/th Table 2-2 also indicates that sulphur removaBRBC is lower than
the CFBC.

PBFBC is currently at the demonstration phase witiht plants world-wide. Table 2-2
indicate that there were seven subcritical plahi®e250 MW and one supercritical plant of
360 MW installed by 2006. Plant efficiency of 44% wilie supercritical PBFBC plant has

been attained. NGemissions are similar to those of BFBC, but sutgkmoval is higher.

Larger industries involved in chemicals and eledyiproduction favour the CFBC. These
units are mostly subcritical and their sizes rgieta300 MW. Plant efficiency for CFBC
range between 38-40%, and have plant availabitit90a98% as shown in Table 2-2. The
supercritical CFBC tagisca plant has plant efficienf 43%. Its NQ emission is similar to
those of BFBC and PBFBC and sulphur removal is drighan both versions of the BFBC
(IEA-Clean Coal Centre, June 2006).

IEA-Clean Coal Centre (November 2013) illustratesrent developments in CFBC plants
with the world’s largest CFBC plant located in Ghist 600 MW commissioned in 2013 and
the planned 550 MWCFBC plant in South Korea. Utt and Giglio (20Kktate that the

tagisza plant has been used to show the validityoster Wheeler's design of 4X500 MW

CFBC units in South Korea, which are set for consimois in 2015.

BFBCs are excellent solid mixer, capable of enguhnmogeneous operating temperatures
and a good contact between coal, sorbent and thelgese, although part of the gas tends to
short-circuit the bed (Kovacs, 2001). To lesses,thed height is increased which also
increases the differential pressure across the biedvever, the bed height in BFBC expands
to only one or two meters above the distributoomBustion temperature in both systems is
controlled by in-furnace cooling surfaces locatedhie furnace walls. For BFBC the cooling
possibilities are limited to cooling by the furnaseall or in-bed cooling surfaces
(Johnsson, 2007).
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2.3.3 Advantages and Disadvantages

There are some advantages and disadvantages &sdowidh FBC technology when
compared with the conventional pulverised coal dysil The advantages of FBC are as
follows (Zhangfu Wu, 2003 and Kovacs, 2001);

* Bed temperatures are typically between 800and 900°C, above which ash may
melt and form slag,

* The low operating temperature reduces,X@mation,

* In-situ sulphur capturing with either limestonedotomite can reduce S@missions,

* The turbulence of the fluidised mixture increasesrate of heat transfer between the
particles and the water tubes, and

» A variety of fuels or fuel blends can be burnedthe FBC boiler, including low-

quality fuels with a high level of ash or moistaentent.
The disadvantages and limitations of FBC includeafdfa Wu, 2003 and Kovacs, 2001);

» Arelatively high pressure-drop is required todise a bed of granular particles,
* Relatively large amounts of ash is generated (e#p.sorbent addition),

» The flue gas carries a high dust load,

» Higher carbon-in-ash levels,

* Increased BD formation due to the lower combustion temperatuaed

* Limited operating experience with fluidised bed darstors.

2.4 Coal Combustion in Fluidised Bed

Coal is a fossil fuel formed by the decompositidrplant matter under high pressure and at
high temperatures over millions of years. Coatasnposed of organic matter (macerals),
mineral matter, moisture and some impurities. s Itlassified according to age or maturity
(formation years) with the youngest coal calleahilig, then sub-bituminous, bituminous and
the oldest, anthracite. When coal is heated, itamc matter undergoes pyrolysis and
evolves as volatiles. The residue solid, chamasle up of carbon and mineral matter. Coal
combustion in principle is the combustion of carbas well as the volatile matter
(Shen, 2009).
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For fluidised bed combustion systems, coal combunsinvolves the following steps
(Zzhangfa Wu, 2003);

» Drying (with or without shrinkage of the particles)
» Devolatilisation (with or without swelling and fragentation),
* Combustion of volatile matter, and

« Combustion of the residual char particles.

These combustion steps are illustrated in Figuseb2tow.

» 3. volatile combustion

8ggl|nal 1 drw@»\i devoatsato:l< 4. char burning

Figure 2-6: Coal Combustion in Fluidised Bed (Zhanta Wu, 2003)

The result of these processes in an air-fired systea gaseous exhaust (mainly CO,,CO
SO, NGOy, Nz O, and HO) and solid residues (mineral matter) composecipaif clay,
pyrite and calcite. The objective of this sectisnto create an understanding of coal
combustion in a BFBC system.

2.4.1 Coal Drying and Devolatilisation

Upon entering a hot FBC furnace, the moisture ial d® evaporated as the initial step.
Moisture in coal is present as both surface anéreit moisture, the former is evaporated
first and the latter follows suit. The moisture tant of coal can be as high as 70 % (as with
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lignite), however the coal of interest in this waskbituminous coal and its moisture content

is normally lower than 20 %.

During coal devolatilisation, the organic mattercofl is pyrolised and a variety of products
such as tar, hydrocarbon gases, hydrogen, carbaroxite, carbon dioxide and methane
(Zzhangfa Wu, 2003) is produced. The volatile nrattentent in coal varies from a few
percentages up to 70 — 80 % (Shen, 2009). Aftel doying and devolatilisation, a

carbonaceous solid residue referred to as charimsma
2.4.2 Combustion of volatile matter

Shen (2009) states that gases released duringderalatilisation are combusted in the
presence of oxygen in a rapid process. The conaousgactions of some of the volatiles are
listed by Zhangfa Wu (2003) as follows;

Combustion of carbon monoxide;

co +1/,0, - co, Equation 2-4
Combustion of hydrogen

2H, + 0, —» 2H,0 Equation 2-5
Combustion of methane

CHy +3/5 0, > CO + 2H,0 Equation 2-6
Combustion of NH

NHs +°/, 0, > NO + 3/, H,0 Equation 2-7

NH; +3/,0, > 1/5N, + 3/, H,0 Equation 2-8

The combustion of these gases provides the eneryyired to initialise the combustion of

char.
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2.4.3 Char Combustion

Shen (2009) stated that the residual char partaiesften spherical, very porous and have
many cracks due to coal devolatilisation. The mgrof these residual char particles is the

final stage in coal combustion.

Char contains carbon, mineral matter, nitrogen sulghur and is oxidised at temperatures
higher than the measured bed temperatures to fgassous products (CO, gON,O, NG,
and SQ) and ash.

The principle char reactions for carbon are;

C+ 1/2 0, - CO Equation 2-9
C+0,-C0, Equation 2-10
co+1/,0, - co, Equation 2-11
C+C0, - 2C0 Equation 2-12

The principle reactions for nitrogen are;

N + 1/2 0, > NO Equation 2-13
NO +1/,0, - NO, Equation 2-14
N+ NO - N,0 Equation 2-15

The principle reaction for sulphur is;
S+0,- S0, Equation 2-16

These reactions are slower than the combustiomlatile matter and their rate of reaction is
affected by the coal types, unit operating pressume temperature, oxygen level in the unit
and the properties of char. Zhangfa Wu (2003kestétat in fluidised bed combustion char
particles continuously reduce in size due to claatigde burnout, particle fragmentation and
particle attrition. These leads to the formatioh ahar fines and consequently char
entrainment into the freeboard region. This entrant also contributes to combustion

inefficiency.
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Nitrogen in the furnace comes from air and coalhe Tormation of thermal NQ from
nitrogen in the air, is reduced to a minimum by th&tively low operating temperature
associated with fluidised beds. Therefore,Nddd NO are primarily formed from the
reaction of oxygen with the coal-bound nitrogerheTitrogen in coal is present in both the

volatile matter and char.

Sulphur in coal is oxidised to from sulphur dioxid€he emission of SOs reduced when it
reacts with calcium oxides (CaO) and/or with th&cioan-magnesium oxide (CaO.MgGO
to form calcium-sulphates and/or calcium-magnesicompounds. In the absence of
calcium based sorbent, the reactive char-bounducalwill react with some of the formed
SO, The extent of sulphur-self retention dependshenamount of char-bound calcium and

its reactivity.

2.5 Emissions from Fluidised Beds

Gaseous products from coal combustion have an ingrathe environment. Large amounts
of CO, are emitted, which has global warming impact. sHafitial amounts of SQCare
emitted, a precursor of fine particulate and acid. réSignificant amounts of NO(NO &
NO,) are emitted, which influences tropospheric ozanethane formation, particulate and

mercury formation (Shindell and Faluvegi, 2010).

The objective of this section is to review the fation of NQ and SQ, and the relevant

reduction options.
2.5.1 NOy and NO Emission

During devolatisation, nitrogen in the volatiles released as ammonia (B)H hydrogen
cyanide (HCN) and tar-nitrogen. These compoundisreact in the presence of air to form
mostly NO and small amounts ot®. However some of the volatile-nitrogen reduceblt
During char combustion, char-nitrogen oxidisesha presence of oxygen to form NO and
N2O. The principle reaction equations for nitrogem shown in section 2.4. These reactions

are shown pictorially in Figure 2-7.
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v Nuo . O, NOI
N vol,f
N (NHs, HCN,
fuel Tar-N)
» NOII
‘N, —2NO (NO)
» N2

Figure 2-7: The formation pattern of NOin FBC (Konttinen et al, 2013)

The reaction involving the oxidation of NO to N@ influenced by temperature and is
limited by the low equilibrium concentration. Hen80% of the NQin FBC exhaust gases
is NO (Zhangfa Wu, 2003). The bed temperaturegragst other factors, has an impact of
the amount of NQand NO in the exhaust gas. The low temperatures aner asdducing
conditions that are suitable for producing low ,NGave a contrary effect of increasing the
production of NO emissions. PO is a global warming potential gas.

At temperatures of 800 °C — 900 °C, NO angDNeduce to form b H,O and CO in the
presence of char, NFand CO. The reduction reactions are shown by g@laawu (2003);

NO reduction by NH CO and char;

NO + NH; +1/,0, > N, + 3/, H,0 Equation 2-17
NO + 2/3 NH; - 5/6 N, + H,0 Equation 2-18
NO + Char > 1/, N, + €O Equation 2-19
NO +c0 - 1/, N, + co, Equation 2-20

N>O reduction by temperature, char and CO;

N,0 - N, + 1/2 0, Equation 2-21

N,0 + Char - N, + CO Equation 2-22
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N,0 +CO - N, +CO, Equation 2-23

Konttinenet al (2013) conducted a study on the tendency of N@&vion and concluded
that the standard fuel analysis is not enough dwige the required inputs for NO emission
predictions in large scale fluidized bed combustidineir combustion test results show that
the maximum cumulative conversion of fuel nitrogerNO under lean, non-staged fluidized
bed combustion is 20-50% (850 °C with i@ excess). Zhangfa Wu (2003) also states that
the fuel N that is converted to NOs between 5 % and 40 %, whereas less than 10% is

converted to BO.

A study conducted by Valentimt al (2006) showed that SA coals produce higher NO and
N>O than their Columbian and USA counterparts. Birtetudy, the authors showed that the
emission of NO decreased for the vitrinite-richlsd&€olumbian and USA) and increased for
the inertinite-rich coals (SA) with increasing camsbon temperature. J emissions

decreased with an increase in combustion tempetatur

The reduction of NO andJ® depends highly on the catalytic activity of caah and that of
the sorbent (limestone or dolomite). This wouldeaffthe concentration of these species in
the flue gas. The abatement of the emission of &t NO can be achieved by employing
staged combustion, or by installing well-establésiselectively catalytic reduction (SCR) or

selective non-catalytic reduction (SNCR) technadsgi
2.5.2 SO, Emission

During coal combustion, sulphur in coal is converte SQ (Equation 2-16). The amount of
SO, emitted is directly proportional to the amountSin the coal. FBC technology has an
advantage of capturing S@-situ by use of a calcium-based sorbent (limestor dolomite).

The sulphur capture reactions that occur in the BBX(Anthony and Granatstein, 2001);
Calcination of limestone:
CaC0O3; = Ca0 + CO, Equation 2-24

Sulphation of lime:

Ca0 + S0, + 1/, 0, = caso, Equation 2-25
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In pressurised system, limestone calcination de¢ocur. Sulphur capture is this type of
system is governed by the following equation:

CaC0s + S0, +1/,0, = CaS0, + CO, Equation 2-26
Where a dolomite is used, calcination of the doterns as follows:

CaMg(C03), = CaC03.MgO + CO, Equation 2-27

Sulphation of dolomite:
CaC03.Mg0 + S0, + 1/2 0, = CaS0,.MgO + CO, Equation 2-28

In pressurised system, dolomite calcination dodsonour. Sulphur capture is this type of

system is governed by the following equation (Zhanyu, 2003):
CaMg(C03), + SO, + 1/2 0, = CaS0,.Mg0 + 2C0, Equation 2-29

A degree of reduction is associated with the oxidaiof some elements; the same is
applicable to the reduction of some elements whetegree of oxidation will occur. Zhangfa
Wu (2003) noted that C and CO have the potentiaétince CaSQin the oxygen deficient
bed zone at temperatures above 850 °C.

CaS0,+ CO = Ca0 + S0, + CO, Equation 2-30

Calcination of limestone and dolomite is a procedsere the non-porous rock gets
transformed into a porous calcite rock that wouldva the diffusion of SQ@ into the CaO
cleats and slits. Physical properties of the limes or dolomite have an impact on the
degree of sulphation that can occur. For limesttree porosity can change from 0.3-12 % to
over 50 % (Zhangfa Wu, 2003).

Sulphation will continue to happen in the calcitietestone or dolomite until the pores are
blocked with CaSQ thus impeding the diffusion of SO Therefore sorbent utilisation in
FBC technologies is typically lower than 50%. Swrbutilisation has no relationship to
chemical composition, except for a week catalytiea of iron oxide on reactivity (Zhangfa
Wu, 2003).

22 |Page



Furthermore, the effectiveness of the reaction eetwSQ and CaO depends on the ability of
SO, to diffuse into the particle through CagOn the surface and in the pores of the
limestone/dolomite as displayed in Figure 2-8. ré€fme the notion that the maximum

sulphur capture efficiency is approximately at 880might not generally be valid (Anthony

and Granatstein, 2001).

Unreacted core Network Uniform

sulfation sulfation sulfation

™
.

Ca0O

BN caso,

Figure 2-8: Sulphation patterns (Anthony and Granastein, 2001)
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2.6 Mineralogy and Chemistry of Fluidised Bed Ashes

During coal combustion, fly-ash is produced as gpimduct of the process. The finely
divided fly ash particles, solidify while suspendadhe exhaust gases and are collected by
the de-ashing systems employed in the plant. Thegsiphl, chemical and mineralogy
characteristics of fly ash can vary greatly and mihinly depend on the combustion method
and coal properties used at a particular powert gRando et al, 2006). Primary factors that

influence the mineralogy of coal fly ash are;

* Chemical and mineral composition of coal,

* Coal combustion processes including coal pulveasatcombustion, flue gas clean
up, and fly ash collection operations, and

» Additives used, including oil additives for flam&Bilization and corrosion control

additives.

Fly ash from FBC differ from that of conventionallyerised coal-fired combustion
operations; the main differences result from défdgrcombustion temperatures and differing
systems of desulphurisation (in-situ/post-combudtioBoth these factors influence the
chemical and phase compositions as well as the istmec of trace elements
(Sulovsky, 2002). The addition of calcite sorbettscapture sulphur dioxide in-situ also
influences the mineralogy and chemistry of FBC #gh. This section discusses the

mineralogy and chemistry of fly ash attained frduidised bed combustion.
2.6.1 Analyses of Coal and Fly Ash

To understand the mineralogy and chemistry of 8,at is important to understand the
mineralogy and chemistry of the parent coal. Atdabove, the chemical composition of

coal influences the mineralogy and chemistry ofafiin.

Alphen (2005) stated that proximate (ash, volatileserent moisture, and fixed carbon) and
ultimate (carbon, hydrogen, nitrogen, sulphur arggen) are routine analyses for coal, and
that elemental analysis (Si, Al, Fe, Ca, Mg, Na,R,Mn and S) is used extensively to

determine the slagging propensity of coal, minecahposition and fly ash composition.

Falcon and Snyman (1986) noted that the organicposition of coal which relates to

maceral quantification (a petrographic analytieghinique) is used to determine the rank and
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reactivity of coal. Macerals may be grouped arrded individually, with vitrinite, liptinite,

exinite and inertinite quantified according to theeflectance measurement. Maceral
guantifications are carried out by use of a re#ldctight optical microscope at a total
magnification between 250 and 500. Singh (201apfothat the Quantitative Evaluation of
Materials by Scanning Electron Microscope (QEMSCAdN also be used to quantify
macerals. This method uses elemental proportismiet{ur, carbon and oxygen values) to

achieve this.
2.6.2 Mineralogy of Fly Ash

Fly ash consists mainly of stone (aluminosilicatel ajuartz), pyrite cleats (iron oxide),
calcite/dolomite cleats (calcium oxide and calciumagnesium oxide), and molten ash
spheres. Other elements; such as magnesium, potasodium, titanium and sulphur; are

also present to a lesser degree.

The mineralogy of fly ashes from conventional civad plants are relatively well known,
although mostly on bulk level, while FBC producbottom ash, fly ash) are known to a
much lesser degree (Sulovsky, 2002). The differdretween the mineralogy and chemistry
of conventional pulverised coal-fired and FBC ashasthe two systems are shown in
Table 2-3.

The mineral matter composition of coal controls thede of occurrence of some of these
potentially hazardous minerals whose concentralgmels increase due to combustion of
coal. The differences between fly ashes from ifferdnt combustion systems, is a result of
the different burning temperature and the sulplmaval method used as shown by the
distinct difference in Table 2-3. These mineraks msponsible for the sintering and slagging

of ash in boilers.

The lower operating temperature experienced in BBgication prevents the devolatilisation
of certain minerals. This influences the minersglagd composition of FBC fly ash, which is
slightly similar to that of coal, and creates ress enriched in potentially hazardous
elements. However, the addition of calcite sorbexitralises the acidity of the residue by

forming insoluble compounds with the hazardous eleis(Sulovsky, 2002).
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Table 2-3: Summary of the difference between convénonal combustion ashes and FBC

Factor or Process
Usual combustion
temperature

ashes (Sulovsky, 2002)

Conventional combustion
1400- 1500 °C

Fluidised bed combustion
820- 850 °C

Coal grain heating rate 1°C.s 1000 °C.&
Furnace retention time Seconds » 20 minutes
Input material Coal Coal + additive
Mineral melting/glass Massive Scarce
formation

Volatilisation Hg, Se, Pb, ZnO, Ba(Ol, None

As,O3 etc

Ash grain forms

Globular, rounded

Irregular, rather sharp-edged

Grain size Smaller that original Original
Thermal metamorphism Strong Weake
Recrystallisation Abundant Scarce

Mineral neoformation

Massive, many species

Massive, limited to few geci

Change of trace element
bonding

Massive¢

Limited

Major phases

Glass, mullite, anortite, quartz, Haematite, quartz, metalillite,
cristoballite, magnetire and othemetakaolinite, anhydrite,

spinels, gehlenite

perislase, lime, portlandite

Prevalent Fe oxide

Magnetite

Haematite

Amorphous phases

Glas:

Metaillite, meakaolinit

Neoformation of mineral
phase

Extensive, may phases

Extensive, few phases (aitdnyc
mete-clays)

Changes in PHE speciation

Distinct

Limited

Concentration of volatile
elements

Lower (major portion escap:
with flue gas)

Higher (up to 95% of the amoul
present in coal

Surface enrichment

Pronounced, higher

Visible, lower

Matjie (2008) mentions that fly ash particles fumed crystallise to form slag deposits,

vaporises and condenses to form deposits and dtgevath each other or internal boiler

components to produce corrosion. However it ishilge concentrations of alkali elements in

mineral matter that are responsible for slagging fuling at elevated temperatures higher
than 1000C (Matjie, 2008 & Alphen, 2005). These and othémarals decompose and melt

at different temperatures as shows in Table 2-4.
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Table 2-4: Decomposition and Melting Temperaturesf selected minerals found in coal
and fly-ash (Matjie, 2008)

Minerals Composition

Kaolinite Al;Si,O5(OH), 80C-100(°, 181(
Illite K 1.£Al 4(Sig sAl 1.5)O20(OH)4 400-1167, 1200-1350
Pyrite FeS 800", 1171
Apatite CaF(PQ)s >1230

Calcite CaCQ 9258’

Dolomite CaMg(CCs), 77

Siderite FeCQ 525

Quartz SIiO, 1710

Anhydrite CaS( 145(

Lime CaO 2570
Haematite FeOs 1567

Magnetite Fe;0q4 1592

Mullite AlgSioO;3 1850

During coal combustion the minerals identified mble 2-4 will either decompose or melt to
form other materials, or they do not change ford.summary of the actions that occur

during coal combustion are listed below (MatjieQ2Q

» Quartz do not change form nor react,

» Kaolinite and illite decompose to form mullite,isdn and aluminium compounds,
and hydroxyl water,

» Calcite and Dolomite decompose to form lime and,Ciine consequently reacts
with SO, and water depending on the temperature to fornydaith and portlandite
(Ca(OHY)) respectively, and

» Pyrite decomposes into haematite, magnetite aqhgucompounds.

These minerals form the basis of fly/bottom ashi depending on the melting points of the
different minerals, they can cause ash depositmmwh slagging. The occurrence of these
minerals in coal and fly/bottom ash can be quatifby applying various mineralogy

assessment techniques.

Alphen (2005) compared different mineralogy assesdgrtechniques and found that the Coal

Characterisation Scanning Electron Microscope (O@FSkvas the method used by the
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majority of coal scientists and engineers to quwrgind identify minerals in coal and

phases/minerals in fly ash and slag deposits.

Alphen (2005) also cited the round robin tests afloBeathet al (1996) where North
American coals were sent to different laboratonssng different SEM instruments for
mineral quantification. Their results resolvedtttize QEMSCAN gave the most precise

analytic results.

French and Ward (2009) studied the applicability @QEMSCAN to examine mineral
distribution and mineral association, and providefdrmation to assess ash behaviour in
FBC plants. The mineralogy of the bottom ash, eourer ash and fly ash were found to be
similar. The ash was composed of calcite, limertlaodite, aluminosilicate, calcium
sulphate, quartz and other amorphous componenkte siudy concluded that QEMSCAN
provides unique information not readily obtainalieother techniques. More particular, data
can be obtained on particle size and shape, ptaséfication and abundance, as well as the

mode of occurrence and association of the idedtjieases (French and Ward, 2009).

The QEMSCAN is an integrated system designed byRCSIAustralia, and was originally

designed to service the base and precious metahgnindustry and not the coal industry.
Mineral identification is based on elemental prdjpms, elemental ratios and the type of
elements present. Mineral identification rules detdermined by acquiring standard X-ray
spectra of the minerals in coal and the phasely iash. QEMSCAN can also determine the

organic component of coal (Alphen, 2005).

The QEMSCAN can provide data on mineral or phasepgtions, oxide elemental
composition, associated characteristics of minemlsoal and phases in fly ash, size
variation of the different minerals, and elemeuwf@bortment, and the proportion of included

minerals compared to that of excluded minerals.

2.7 South African Perspectives on BFBC

The work on FBC in South Africa started in the 187®ith research focused on the
combustibility of low grade coal (duff coal, disdacoal and fine coal) in the BFBC boilers
(Petrie, 1985). Research later focused on theofidenestone or dolomite to reduce the

associated emissions of $§OThe technology has been put to minimal use witBouth
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Africa for electricity generation, it has been ig#ld by some industries to incinerate waste,
biomass and co-fire coal for different applicatiobst it hasn’t been installed for large-scale

electricity generation in South Africa.

Aziz and Dittus (2011) evaluated suitable technglfig Kuyasa Mining and also provided a

CFBC conceptual design for the planned 4 x 150 MWilers. They selected a CFBC as a
suitable boiler for Kuyasa Mining and establishe#fey advantage over the conventional
pulverised coal-fired boilers as fuel-flexibilityd the ability to combust discard coal. Seeing
that South Africa is under immerse pressure toeiage its generating capacity, plants like the

CFBC planned for Kuyasa will be play a crucial rmleease the stress on the electricity grid.

Anglo American is also in the process of procurng x 150 MW CFBC plant that will be
located in the south of Emalahleni in MpumalangautB Africa (Hallet al 2011). This
Khanyisa plant will utilise discard coal from therunding mine dumps. To reduce the cost
related to limestone usage, the feed coal will baeficiated to reduce sulphur and ash

content. These CFBCs are set for commission i» ZBall et al 2011).

Moodley (2007) tested the performance of Southcafmi discard coals in the presence of a
sorbent in a pilot scale BFBC. The aim was to sss$ee changes in gaseous emissions and
the combustion efficiency of the coal, intendegtovide information on possible coals and

sorbents for any future built FBC based power @tati

North (2010) evaluated a range of fuels in a mtale BFBC facility. These fuels were; high
ash discard coals, high fines duff coals, high watstent slurry coals and biomass sludge
(for co-firing). It was concluded that discardata@an be burnt at good thermal and
combustion efficiencies and that the FBC is capatfleincinerating a wide range of

opportunity fuels.

Bothaet al (2011) reported that a FBC reactor in Kwa-Zulud\latilising sewage sludge has
been operating since 2000 and is in compliance thghemission standards set by the DEA.
The facility employs a drier to dry some of the age sludge and it supplies this to the FBC
in pellet form as a supplementary fuel, to mainthi@ bed temperature at 850 °C. Lessons
learned from the operation of the facility have doded that waste energy recovery for

electricity generation is a viable option for Soithica.
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Table 2-5: Some Applications of FBC in Southern Afica (North, 2012)

AECI Modderfontien BFBC | C-Rich Fly Ash, coal

Mondi Merebank BFBC | Waste, bark, sawdust, flyash, coal, SASOL gas
Slagment BFBC | Duff coals,Organic Wast

Eastcourt KZN BFBC | Coffee Ground

SASOL BFBC | High S Pitch

Phalaborwa Mining Co. | BFBC | Coa

FBC HGGS BFBC | Waste, bark, sawdust, flyash, coal, SASOL
SAPPI Tugela BFBC | Wood waste, co

Mondi Merebank BFBC | Wood,waste, coal and ¢

Soda Ash Botswana BFBC | Coa

North (2012) noted a number of FBC application autBern Africa, Table 2-5 groups the
finding in his study. Babcock Engineering has bt#enleading supplier of BFBC boiler in

Southern Africa.

Pilot scale fluidised bed research facilities esisthe CSIR, Eskom, Mintek (primarily for
minerals treatment), SASOL (for Fischer-Tropsclctiea research), and various universities
(North, 2012).

2.8 Summary

Literature reports that coal combustion in an FB@lep occurs in four steps; drying,
devolatilisation, volatile combustion, and char @wstion. These operations are influenced
by temperature, pressure, excess air and fuel otmaten within the bed. In the current
research, these parameters will be monitored andinss kept constant to eliminate

discrepancies between coal combustion tests.

FBC has been shown to be capable of burning atyasfefuels (biomass, domestic waste,
industrial waste, duff coals, discard coals, ligrahd all other coals) with reduced Nénhd
SO, emissions. In the current research BFBC tests antd without sorbent addition will be

carried out to assess how these emissions behave.

Lower carbon efficiency, pO formation and large amounts of ash have beenrtezpto be

some of the negative factors associated with FBE&raipns. MO emission and carbon
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efficiency attained during the current tests wil bompared to values from conventional

pulverised coal-fired plant to assess this disathgenfor South African coal.

It has been shown that vitrinite-rich coals emgsleNO and BO than inertinite-rich coal.
However the production of NO increases with inciegagemperature and that of ,®
decreases with increasing temperature. The tesk wdll assess the validity of this

statement for South African coals.

Literature has also proved that when a calcite esdrlis added for sulphur capturing, its
utilisation factor is lowered by CaS@rmed, blocking the pore and cleats on the calcite
sorbent particles, thus impeding the diffusion,.SQorbent utilisation is lower than 50 % and
is assumed to be at a maximum at a temperatur&®f@. This too will be tested in the

current research.

The mineralogy of ash has been reported as beifigented by coal composition,

combustion technology, and combustion additiveiser&fore the mineralogy of the coals and
sorbent, together with that of the fly ash of tlerent samples will be determined to assess
these influences as well as look at the conversfaraction of various elements in the coals

and sorbent.

Literature has reported that the composition offasim FBC is different from the ash found
in conventional pulverised coal-fired boilers. Fhs due to the difference in operating
temperature and the desulphurisation method. Tdws will be verified in the current

research.

In summary, numerous BFBC plants have been indtale South Africa for different
applications; i.e. hot gas generation, processvstegaste incineration, and so forth. But
none of the installations are for large scale elgtt generation. Kuyasa Mining has
conducted a conceptualised design of a possibleQOs®ver plant using discard coal. This
would the first large scale FBC plant generatingctlcity in South Africa. However, no
detailed test work on actual coal combustion penéorice and emissions of South African
coals burnt in large pilot scale plant have beg@onted as yet. For these reasons, the current
research may be considered the first attempt a¢rnteddng such detailed research into the
performance of such high ash, low grade coals thotu discards for large scale BFBC

power generation.
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CHAPTER 3: METHODOLOGIES

3.1 Introduction

To thoroughly assess South African type coal inulabling fluidised bed combustion testing
facility, experimental tests and analytical assesgnmwere conducted on selected coals,
sorbent and combustion products. The techniqupbeapin this dissertation are detailed in
this chapter. The facility utilised to conduct tbembustion tests is also described in this

chapter.

3.2 Selected Coals for Testing
Three coals from the Waterberg and Highveld regwere selected for this research.

» Coal A: A typical high-ash power station coal froine Highveld region
« Coal B and C: Discard coals from the Waterbergamgextracted from the same

basin but different seams.

3.3 The BFBC Testing Facility
3.3.1 Overview of the testing facility

The BFBC testing facility is a Bharat Heavy Elezati Ltd (BHEL) bubbling fluidised bed
design which can be operated as either a combustactor or a gasification reactor by
removing the in-bed cooler used during combustiod @eplacing it with a refractory plug.
This FBC/G design is a pressurised system, whichbeaoperated at pressures ranging from
12 kPa up to 300 kPa. The reactor is a sevenrrhak-refractory lined pressure vessel,
with a bed zone region that has a diameter of 280and a freeboard region that expands to
a diameter of 360 mm. Figure 3-1 shows an illasineof the BFBC reactor.

The illustration in Figure 3-1 shows the entry paif the fluidising air, the coal and the
sorbent. It also shows the exit point of the gasgaroducts, the fly ash and the coarse ash.
Also shown in the illustration is the bed-zone oegiwhich has six thermocouples that
measure bed temperature and three pressure diffdrn@istruments used to calculate the bed

depth during testing. The freeboard region has tleermocouples with the last located at the
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exit point. These thermocouples are instrumematantrolling the reactor temperature as
well as profiling the reactor temperature. A hexthanger (in-bed coil) is also shown as an

integral part of temperature control in the bedarg

Exhaust
gas Exit

Reactor —

Heat Exchanger :

—
Sorbentinlet =

Coaland

Fluidising

Air

i@ Bottom Ash
Notor Extractor

Figure 3-1: lllustration of the BFBC Reactor

33|Page



The reactor is the heart of any process plant; kewé is complimented by interlinking
process units that aid in achieving the purpost®fplant. Figure 3-2 shows an illustration
of the BFBC inclusive of the auxiliary units thatke coal combustion tests in the facility

materialise.

The reactor has downstream and upstream procdssesdmplement the operation of the
BFBC reactor. Upstream processes like the cogbgpations unit, the coal and sorbent
pressure lock feeding system, the air compressraarnconditioning system ensure that the
operating conditions as per design or per testireopents are accomplished. The coal
preparation unit is a stand-alone unit and hasbeen shown in Figure 3-2. Downstream
processes like the solid-gas separator, gas cleamii and the stack ensure that the pilot
plant is environmental friendly/competent. Othssential downstream processes like the
gas-sampling and analysing system and the fly-asipbng system ensure that adequate test

data and test chemistry is accounted for duringitiia evaluation session post the tests.

The plant is also equipped with pressure, flow tamperature indicators and readers which
are displayed in the on-line DSP system instaliethe control room. Pictures taken from
the DSP display unit depicting some of the upstresth downstream processes are shown

below in Figure 3-3 and Figure 3-4

Figure 3-3 shows the coal, sorbent and air injacti;cangement. Air from a compressor is
stored in the air header (max 400 kPa) and paksesgh a 37 kW electric air heater where
an exit temperature of 300 °C is kept during tegstifror research purposes the system was
designed with ad-hoc oxygen header and steam denefidhe coal and sorbent feeding
systems each have 50 kg silos equipped with doaipleock systems to create a pressure
barrier between the pressurised BFBC and the atmeosp The prepared solid feeds are
manually fed into the silos and discharged fromdbeond air-lock by a variable speed drive
controlled volumetric feeder. These solids are pmegically conveyed into the reactor with
pressurised air at a set velocity to eliminatelisgtof the solid along the pipes. The solids
can either be fed into the bed or just above thicheéght.
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Figure 3-2: Schematic of the Bubbling Fluidised Be€Combustion Testing Facility
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Figure 3-3: Control Panel Picture of the BFBC syste

To maintain pressure in the reactor the coarseaashfly-ash removal systems are also
equipped with the double air-lock system as shawhigure 3-4. Figure 3-4 also shows the
solid-gas separator unit, the cyclone, where gadymed in the reactor leaves the cyclone at
the top and the fly-ash at the bottom. A gas samgplystem is installed on the gas duct after

the cyclone to condition the sampled gas prioreindp analysed by the online gas analysers.
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Figure 3-4: Control Panel Picture of the reactor, gs-solid separator and the ash

removal system.

The reactor is shown in Figure 3-4 with the locatf the temperature and differential
pressure sensors and transmitters, the inlet pdhesin-bed coil and the gas exit point. A
gas-solid separator is used to remove particulites the fly ash and is instrumental is
obtaining fly ash samples during coal combusti@h te
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3.3.2 Testing Methodology

The operation of the pilot plant is systematicatyanged to cover all aspect of the plant to
ensure that the plant is not prone to problems ebenit is operated. The OEM provided

operating manuals that describe the steps to beredho every time the plant is operated.
These steps are; pre-start checks, reactor pretwatand sorbent testing, and plant shut-
down. However this sub-section details the coal aarbent testing procedure only, as

adopted and modified for the purpose of this dissien.

The preceding steps to the combustion tests ageiwvgrortant to the integrity of the tests; if
there is air leakage the gases might not balameckeifdhe right temperatures are not reached
combustion might be affected. Once these stepsamplete, then the tests can commence.
Firstly test coal is loaded into the silo and tliteis injected into the reactor to begin testing.
Test conditions are determined from the chemicalyasis of the coal and sorbent, and the

test matrix as tabulated in Table 3-1.

The matrix in Table 3-1 indicates that a baselest for each coal is required to be able to
compare results for each of the coals. The basédist is also conducted without limestone
to assess the capability of sulphur-self capturifeurther tests are conducted at different
calcium to sulphur (Ca/S) molar ratio to evaludte éxtent of sulphur in-situ capturing and

also to assess the impact sorbent injection ootter operating parameters.

To maintain the same base and eliminate potensalapancies, a generic testing procedure

was adopted,

* Ensure the correct coal and sorbent are in thedrspp

» Set the coal and sorbent feeder rates as perghmadrix

» Control the flow of water through the bed coil twsare the right bed temperature
as per the test matrix is achieved,

» Allow the system to stabilise before commencindhwst,

» Clear the cyclone and the fly-ash lock system tmiahte contamination in the
sample,

« Once the system is stable (gaseous species anderamme trends should
constant), commence test and capture the followdatp (reactor pressure,

differential pressure, temperature, flowrates aasl gpecies) manually, and
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analysis.

At the end of each test, clear the cyclone andimkdasample of fly-ash for

This procedure is repeated for each test and amgsic approach is followed at all times.

The duration of the each test is about 30 minudkes exclude the time it takes the reactor to

stabilise.

Table 3-1: The Test Matrix for Coal A, B and C withand without Limestone

Units | Test0.1 | Test0.2 | Test0.3] Test0.4] Test0.g Tes60] Test0.7 | Test0.8] Test0.9]
Coal
Coal A
Coal B
Coal C
Sorbent
Molar Ratio
Cals 0 0 0 1 1 1 2 2 2
Bed Temperature
830 oC X X X
850 °C X X X
870 °C X X X
Coal Flow kg/hr 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,0
Sorbent Flow kgfhr 0,00 0,00 0,00 0,40 0,40 0,40 0,79 0,74 790,
Test1.1 Test 1.2 Test 1.3 Test 1.4 Test 1.9 Test1p e Test 1.8 Test 1.9
Coal
Coal A
Coal B
Coal C
Sorbent
Limestone
Molar Ratio
Cals 0 0 0 1 1 1 2 2 2
Bed Temperature
830 °C X X X
850 °C X X X
870 °C X X
Coal Flow kg/hr 8,50 8,50 8,50 8,50 8,50 8,50 8,50 8,50 8,5
Sorbent Flow kg/hr 0,00 0,00 0,00 0,70 0,70 0,70 1,50 1,5 501,
Test 2.1 Test 2.2 Test 2.3 Test 2.4 Test 2.9 Test 26 Ry Test 2.8 Test 2.9
Coal
Coal A
Coal B
Coal C
Sorbent
Limestone
Molar Ratio
Cal/s 0 0 0 1 1 1 2 2 2
Bed Temperature
830 oC X X X
850 oC X X X
870 °oC X X X
Coal Flow kg/hr 8,50 8,50 8,50 8,50 8,50 8,50 8,50 8,50 8,50
Sorbent Flow kg/hr 0,00 0,00 0,00 0,59 0,5p 0,49 1,18 1,18 1j18
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3.3.3 Gas Analysers

The gas sampling system is equipped with a filted dine heaters to maintain gas
temperature at 180 °C, and a Peltier drier to remtbe moisture and cool the gases to 40 °C

as per the upstream requirements of the online/seal.

The online analysers are calibrated as per OEMinements and verified for accuracy before
the tests commence. Verification gases were usegetify the analysers. These on-line
analysers measure O, CQ, N,O, NO, NGQ and SQon a dry basis.

3.4 Laboratory Analysis

The raw coals utilised during the experimental wdescribed above were subjected to
chemical analysis. The samples were prepared @iogoio SABS 0135 Part Il — 1977. The
analyses tabled in Table 3-2 were carried on tla¢ saimples.

Table 3-2: Chemical Analysis require for coal

Units Standard

Proximate Analysis

Inherent Moisture % SABS 925
Volatile Matter % ISO 562:1998
Ash Content % ISO 1171:1997
Fixed Carbon % By difference

Ultimate Analysis

Carbon % ISO 12902
Nitrogen % ISO 12902
Hydrogen % ISO 12902

Total Sulphur % ISO 351

Oxygen % By difference
Gross Caloric Value MJ/kg SABS ISO 1928
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Fixed carbon is calculated by subtracting the stiih® inherent moisture, ash and volatile

matter from 100.
Fixed carbon (%) = 100 - (inherent moisture +-asiolatile matter). Equation 3-1

Oxygen was calculated as a difference from 100higysum of the inherent moisture, ash,

carbon, hydrogen, nitrogen, total sulphur and caaba

Oxygen (%) = 100 - (inherent moisture + ash + cambé hydrogen + nitrogen + total

sulphur + carbonate) Equation 3-2

Sorbent, coals and fly-ash samples were subjeotadri-destructive analysis using the X-ray
Fluorescence (XRF) detection method and the QEMSCAfNr XRF analysis, a bead for
every sample was prepared by mixing 1 gram of #mpde with 9 grams of lithium flux.
The XRF technique employed provides the followirgh @&lemental analysis; silicon (as
Si0y), aluminium (as AIOs), iron (as Fg0s), titanium (as TiQ), phosphorus (as;8s),
calcium (as CaO), magnesium (as MgO), sodium (a®Naotassium (as 40), sulphur (as
SG;), and manganese (as MnO). These are oxidesfdhereoal and sorbent samples were

initially ashed prior to preparing the bead.

The coals, sorbent and the fly-ash were also stdgjdo mineralogical analysis to obtain the
mineral content of the coals as well as that offijpash. The QEMSCAN was utilised for
this function. It is routinely used to determime tmineral and phase proportions in coal, fly
ash and clinkers. Carnauba wax polished sections yweepared for QEMSCAN analysis.
The following data were obtained from QEMSCAN asay

* Mass-% mineral or phase proportions in pulverised é6r fly ash, respectively.
» Association characteristics of minerals in coal phdses in fly ash.
* Elemental behaviour

» Proportion of included minerals compared to praparbf extraneous minerals

3.5 Computational Methods

Results herein are computed on the basis of téat(tamperature, mass flowrate, pressure,
(gaseous emissions), coal and sorbent analysixifpate, ultimate, ash elementals and

mineralogy assessment), and fly ash analysis (asheatal and mineralogy assessment).
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3.5.1 Gas Species

The calculations related to the normalisation of gpecies measurements to 6 %and
converting to mg/Nrhat 6 % Q, and the calculations related to determining tmewnt of
sulphur retentions was discussed by Moodley (200X). example of these calculations is

shown in Appendix F.

In essence the gas readings are normalised to § % O

_ Xi,ppm at actual 02 .
Xi,ppm at 6%02 — (ﬁ—oz,actual) Equatlon 3-3

2095-6
Then converted to mg/Nhat 6 % Q,

Ximg/Nm3 6% = Xippm at 6%02 X Pi Equation 3-4
wherep; is the gas component’s density at the specifiegbgature and pressure.

For sulphur capturing, the following process wakofeed. Theoretical SPemission is

determined from coal flowrate and sulphur content.
Miheosoz = Meoat X Ns in coal X 2 Equation 3-5

The gas analysers and the coal analysis resulisaianimass fractions are used to determine

the total gas mass by firstly converting the volUnaetions into mass unit.

m; = v; X Myo1ar,; X 100 Equation 3-6
Ultimately adding the mass units together to obtiagnmass of gas in equation 3-7

Mgas mass = Mco T Mco2 + Myo + Mypz + Myp + Mg + My +

Moz + Myzo Equation 3-7
Then the mass fraction of $@ the gas is determined

Xmasswsoz = Msoz + Mggsmass X 100 Equation 3-8

In the absence of flue gas mass flowrate readangsass balance across the reactor is used to

determine the flowrate of flue gas.
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, . Xmoi X i X¢i
Mewe gas = Meotal air T+ ( motsture/loo + volatlles/loo fixed carbon/mo) %
Meoal Equation 3-9

Therefore the mass flowrate of $€mitted can be calculated from Equation 3-8 afd 3-

; , X 9 .
Mso2emitted = mflue gas X ( maSSA]SOZ/l()()) Equat|on 3-10

Taking the results of equation 3-5 and 3-10, sulpbtention is calculated as such

Sretention = (1 — '''S02emitted /mtheoSOZ) Equation 3-11

3.5.2 Slagging Propensity

Slagging propensity of a coal can be determineueeithe Ash Fusion Temperature or by
calculation from the chemical composition of thb.a3he method employed in this research

was based on the chemical composition of ash (AlpA@05) (Coal Technology, 2013).

» Silica Ratio (SR)

%Si0
R= - — 2 Equation 3-12
%Si0,+%Fe;0+%Ca0+%MgO
Low >7z
Mediurr 72-65
High <65

« Alkaline Index (Ai)

. %Na20+0,657X%K20

Ai Equation 3-13
%Ashcoal
Low <0,3
Medium 0,3-0,45
High 0,45-0,6
Very high >0,6
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» Slagging Index (Si)

. (%Fe303+%Nay0+%K,0+%Ca0+%M g0 _
SI= ( %Si0,+%Al,03+%Ti0, )X %Srotal Equation 3-14
Low <06
Mediumr 0,6-2.C
High 2,0-2,€
Very high > 2.6
» Fouling Index (Fi)
, . o (%Na,0+%K,0 _
Fi = Si x (BEAERR0) Equation 3-15
%STotal
Low <06
Strong 0,6- 40
Very strong > 4(

* Base/Acid Ratio (B/A)

A = %Fe;03+%Na,0+%K,0+%Ca0+%MgOo Equation 3-16
= uation o-
/ %510, +%Al, 03+ %Ti0, q

. 0,1-0,5
Dry Firing
Slag Tap Furnau 0,3-1,C

The smaller, the lower is the slagging propensity
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CHAPTER 4 : RESULTS AND DISCUSSIONS

4.1 Introduction

The principle objective of this research is to asstbe combustibility of South African coals
as well as to determine the impact of reactor patara on the products of combustion in a
pilot scale bubbling fluidised bed combustion tegtiacility. This chapter discusses the data

and results obtained from use of the methodoladjsusses in Chapter 3.

4.2 Analysis of Coal and Sorbent

Coal basically consists of stone (mudstone, sitestand sandstone), pyrite cleats, carbonate
cleats (calcite/dolomite) and clay quartz in carloigh particles. The analysis of raw coal
and sorbent was performed as a pre-requisite rettperimental FBC test matrix. The

proximate and ultimate analyses are shown in Tédle

Table 4-1: Coal Proximate and Ultimate Analysis orair-dried bases

Inherent Moisture % 2.10 2.70 2.80
Volatile Matter % 19.80 19.70 18.10
Ash % 36.30 52.50 45.20
Fixed Carbon % 41.80 25.10 33.90
Total Carbon % 48.65 32.78 37.52
Hydrogen % 2.34 2.12 1.92
Nitrogen % 1.11 0.58 0.76
Total sulphur % 1.79 1.41 2.67
Carbonate (as CQ) % 1.81 1.45 2.35
Oxygen % 5.90 6.46 6.78
Gross Caloric Value (HHV) MJ/kg 18.63 13.60 14.54

Coal A possesses the lowest ash content (36.6%aad.)coal B the highest (52.5% ad.).
Whereas Coal A has the highest CV (18.63 MJ/kg ahdl coal B the lowest CV

(13.60 MJ/kg ad.). However, all three coals hsiv@lar volatile matter content.
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The ash elemental composition of the three coalkasvn in Figure 4-1.
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Figure 4-1: Coal Ash Elemental Analysis

Calcium and magnesium compounds in the ash aramitplar importance to the sulphur
self-capture mechanism experienced in FBC. Itated that Coal A-ash has the highest
calcium oxide (6.1%) and Coal B-ash the lowest3%}® The coals have similar magnesium
oxide contents (approximately 1%). In the absen€ecoal-calcium and magnesium
reactivity, it can be assumed that Coal A will hakre highest sulphur-self capture rate and
Coal B the least. However, QEMSCAN was used terd@he amount of calcium and

magnesium and also quantify the mineralogy of wexrielements.

The mineralogy of the coals is shown in Figure defw.
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Figure 4-2: Coal Mineralogy Assessment

Coal mineralogy shows similar trends as observed fthe chemical and ash elemental
analyses. Coal A has the highest calcite and dtdo(hi6% and 2.2%), and Coal B the least
(0.6% and 1.4%); a similar finding from the ashnedatal analysis (calcium and magnesium
content). Coal A has the lowest amount of ka@itd quartz (26.3% and 6.5%), and Coal B
the highest (31.6% and 16.6%); a similar findingoroximate analysis (ash percent). Hence

the QEMSCAN is used extensively to quantify theteats of coal.

A point of interest to FBC is the proportion of jpgr calcite and dolomite in the coals. The
QEMSCAN, in particular, is able to identify calcium the different compounds such as
calcite, dolomite and apatite. These compoundseanmsed to estimate the reactivity of CaO,

as seen in ash elemental analysis, and therefenaté of sulphur self-capture.

An advantage of FBC over the conventional pulveriseal-fired boilers; is the ability to
capture sulphur in-situ through the addition ofcaah- and/or calcium-magnesium-based
sorbent. Figure 4-3 and Figure 4-4shows the asmezital and mineralogy analyses of the

sorbent used during the combustion tests.
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®  (Calcium (as Ca0) = Loss on Ignition = Silicon (as Si0,) = Magnesium (as Mg0)

®  Aluminium (as ALO; ™ Manganese (asMn0O) = Iron (as Fe,0;) m Potassium (as K,0)
= Sodium (as Na,0) w Titanium (as TiO,) = Phosphorus (asP,0;) = Chromium (as Cr,03)
Vanadium (as V,05)

Figure 4-3: Sorbent Ash Elemental Analysis
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Figure 4-4: Sorbent Mineral Proportion Analysis

The ash elemental analysis as shown in FigurentliBates that sorbent has 49% of calcium
and 3.12% of magnesium, whereas the mineral prigpoanalysis as shown in Figure 4-4

indicates that 82% of the sorbent is calcite arfb 18dolomite. The ash elemental analysis
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detected other elements and these are quantifiedebgnineralogy assessment which shows

guartz, muscovite/microcline and magnetite/hematit¢he ‘other elements’.

4.3 Pilot Scale Test Results

The raw data obtained during the FBC coal firingtde(test matrix in Table 3-1,
Appendix B, C and D) and the related calculatiohgpendix E) are attached. The results
presented in this section cover the reactor tenynergrofile comparisons for the different

tests, carbon efficiency, gaseous emissions anaistlyanalysis.
4.3.1 Reactor Temperature Profiles

The reactor temperature profile is an indicationhef heat dissipation within the pilot BFBC

furnace during the experimental tests. In a commeFBC plant the higher temperature

areas represent the area where heat transfer olergedy by conduction, and the lower

temperature areas represent heat transfer by dimvecThese temperature values at the
different points (see Figure 3-1 for the illustoatiof the points) are shown in Table 4-2.

Table 4-2: Temperature reading across the bed andhé free-board

Tenu) -~ 01 ||]02 | 03 | 04 05 | 06 07 08 09 10 11

833 | 833 | 838 835 837 831 819 690 6! 47 50O
850 851 | 851 | 857| 853] 854 848 686 )6 54 499
870 871 | 871 877 874 873 866 832 682 622 542 496
83C 81¢ | 81¢ | 82¢ | 82t | 82% | 817 | 797 | 66¢ | 61C | 52¢ | 48¢
850 857 | 857 | 863| 860/ 857 846 810 673 611 527 491
87C 87z | 87z | 877 | 874 | 86¢ | 85€ | 81¢ | 674 | 611 | 527 | 491
830 830 | 830 | 836| 833 834 830 820 712 652 559 503
850 845 | 845 | 850| 848/ 848 843 842 719 657 561 505
87C 867 | 867 | 87z | 86S¢ | 871 | 865 | 86t | 72¢ | 66€ | 56& | 50¢

Coal C| Coal B | Coal A

To present a trend of the temperature profiles,témeperature reading for the test at each
specific bed temperature (830 °C, 850 °C and 87) W€re averaged. The reactor

temperature profile trends are presented in Figte
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Figure 4-5: Reactor temperature profiles averageddr the three coals

These profiles are averages of the test temperagitig (830 °C, 850 °C, and 870 °C) for
all tests associated with the three coals. Wherrdlactor is warmed-up properly, the over-
board temperature readings (TE 7 to 11, Figure 3vil) be similar if not the same

throughout the tests, whereas bed temperature chiinge as per requirement. The
consistency of the temperatures across the bedr{tiweuples 1 to 6) for each temperature
setting is relevant to eliminate discrepancieshim tesults. The profile in figure 4-5 shows

that the tests were conducted according to thelpseribed methodology.
4.3.2 Carbon Efficiency

Carbon efficiency is a measure of the conversiorarbon in the coal and represents the
effectiveness of the reactor. Efficiency is cadtetl by analytically determining the amount

of unburnt carbon in fly-ash and it is calculatgdite following equation;

Coal mass flowxcarbon in ashxAsh content .
a= ! Equation 4-1

100%(100—carbon in ash)

Carbon Ef ficiency = 100 — ( 190-a ) Equation 4-2

coal mass flow X Carbon content
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Figure 4-6 shows the combustion efficiencies far &7 coal firing tests conducted (nine per

coal).

98 - m 330 9°C m850 »C 1870 9C
97
96 -
95 -
94 -
93 -
92 -
91 -
90 -
89 -
88 -

Carbon Efficiency (%)

87 -
0 1 2 0 1 2 0 1 2
Coal A Coal B Coal C

Calcium-Sulphur Ratio
Key: 0 — No Sorbent; 1 — Ca/S of 1; 2 — Ca/S of 2
Figure 4-6: Combustion Efficiency graph

Coal C has an overall higher carbon efficiency@sgared to Coal A & B. A constant trend
with the results is seen in Figure 4-6 where thalmastion efficiency increased at the initial
introduction of sorbent and dropped as the Ca/® iiat increased to two. This is an
indication that unconverted reactants (C, S, Cagthl, and CaO, CaMgO) will be found in

the coarse ash and the fly ash.

The tests were conducted at similar total combnstio (i.e. keeping the coal/air ratio the
same), when limestone was injected no adjustmeats wiade to the total air. During the
sulphation of lime (Equation 2-25) oxygen is consdmand this leads to a decreased
availability of oxygen for carbon conversion. Henthe carbon efficiency at Ca/S=2

decreases because of limited oxygen availableuftihér carbon conversion.
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4.3.3 Sulphur Retention

Sulphur dioxide emission has an effect on humartthgeespiratory problems) and the
ecosystem (acid rain). Sulphur retention is a raeidm of reducing the amount of $O
emission through the reaction of the,S@th calcium oxides.

Sulphur in coal is present as organic-sulphur anplyaite. The latter is found in the mineral
matter and the former dissipated in the coal matralcium in coal is present as either
organic or non-organic. The reactivity of calciwtepends on the form in which at it is
mostly present in the coal. The level of sulptaiention observed during the tests is shown
in Figure 4-7.
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Figure 4-7: Sulphur Retention Trends

Figure 4-7 shows that sulphur self-retention foalcA is higher and that coal B has the
lowest retention. The higher sulphur self-retamtfor coal A is attributed to the higher
calcium content as shown in Figure 4-1. The redgtof the coal-based calcium was not
validated; however Figure 4-2 gives an indicatibawailable calcite in the coal to react with

SO,. The calcite amount could infer the reactivitycafcium in coal to capture sulphur.
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Addition of limestone to the BFBC reactor duringatoombustion contributed to an increase
in sulphur retention. The rate of sulphur capiarproportional to the feedrate of limestone,
i.e. the molar ratio of calcium in limestone tour in coal, as shows by the trends in
Figure 4-7. The highest sulphur retention obs@rmuring the course of the test-work was
99% for coal A.

4.3.4 Nitrogen Oxides Formation

The production of NQand NO is a complex process that involves coal devadatibn,

volatile species oxidation, char oxidation, andtiphreduction to N (Zhangfa Wu, 2003).
The operating temperature (800 °C to 900 °C) in BF&bviate the formation of thermal
NOy, however the coal-bound nitrogen will react with @ form NQ and the more

greenhouse gas potensO\

The results for the three coals are presenteceifaffowing figures and placed in the order of
Coal A (Figure 4-8), Coal B (Figure 4-9) and CoalFiyure 4-10).
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Figure 4-8: Coal A - NO, and N,O Gaseous Emissions
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Figure 4-9: Coal B - NQ and N,O Gaseous Emission
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Figure 4-10: Coal C - NQ and N;O Gaseous Emission
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A similarity in the trends in Figure 4-8, 4-9 and @ was observed as explained below;

* NOy production increased with increasing temperatuteereas NO production
decreased with increasing temperature in all tbogds, and

* The introduction of limestone into the BFBC incredighe production of NQand
decreased that of .

Hence the average bed temperature and Ca/S rafiooportional to NQ emission and

indirectly proportional to BD emission.
4.3.5 Fly Ash Analysis

Fly ash consists mainly of stone (alumina-silicated quartz), pyrite cleats (iron oxide),
calcite/dolomite cleats (calcium oxide and calciumagnesium oxide), and molten ash
spheres. Fly ash samples obtained during the festshe 850 °C experiments were
submitted for ash elemental and mineralogy assegsm&sh elemental analyses for these

tests are presented in Tables 4-3, 4-4 and 4-5.

Table 4-3: Coal A - Ash Elemental Results for the @sts at 850 °C

Test 0.2 Test 0.4 Test 0.8
‘Silicon (asSiQ) @ % 481 431 34 |

Aluminium (as Al,O3) % 26,2 27,5 22,2
Calcium (as CaO) % 4,59 5,27 21
Magnesium (as MgO) % 1,25 1,14 1,12
Iron (as Fe03) % 6,09 6,34 5,15
Potassium (as KO) % 0,65 0,5 0,39
Manganese (as MnO) % 0,03 0,03 0,21
Sodium (as NaO) % 0,09 0,05 0,05
Phosphorus (as FOs) % 0,62 0,82 0,66
Titanium (as TiOy) % 1,36 1,34 1,06
Chromium (as Cr203) % 0,01 0,03 0,09
Vanadium (as \-Os) % 0,01 0,01 0,01
Loss on Ignition % 8,49 10,38 10,94

Key: Test 0. — No Sorbint; Test 0..— CaS of 1 Test 0.{— CasS of 2; all at 85 C
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Table 4-4: Coal B - Ash Elemental Results for the dsts at 850 °C

Test 1.2 Test 1.5 Test 1.8
Silicon (as SIQ) % 60,90 56,70 46,30
Aluminium (as Al,O3) % 24,80 21,50 12,50
Calcium (as CaO) % 1,60 7,87 20,80
Magnesium (as MgO) % 0,72 0,75 0,72
Iron (as Fe03) % 4,56 4,13 3,15
Potassium (as KO) % 1,34 1,30 1,10
Manganese (as MnO) % 0,01 0,08 0,23
Sodium (as NaO) % 0,09 0,08 0,06
Phosphorus (as FOs) % 0,14 0,10 0,09
Titanium (as TiOy) % 1,00 0,84 0,60
Chromium (as Cr,05) % 0,01 0,01 0,01
Vanadium (as \,Os) % 0,01 0,02 0,01
Loss on Ignition % 4,25 4,05 6,10

Key: Test 1. —No Sorbint; Test 1..— CaiS of 1 Test 1.i— CasS of 2; all at 85(°C
Table 4-5: Coal C - Ash Elemental Results for the d@sts at 850 °C

Test 2.2 Test 2.5 Test 2.8
Silicon (as SIQ) % 53 44,9 37,4
Aluminium (as Al,O3) % 31,5 28,1 24,2
Calcium (as CaO) % 3,07 10,6 20,3
Magnesium (as MgO) % 0,8 0,82 0,96
Iron (as Fe03) % 4,44 4,16 3,75
Potassium (as KO) % 0,76 0,59 0,43
Manganese (as MnO) % 0,03 0,12 0,22
Sodium (as NaO) % 0,05 0,05 0,5
Phosphorus (as FOs) % 0,28 0,26 0,22
Titanium (as TiOy) % 1,7 1,56 1,37
Chromium (as Cr,05) % 0,01 0,01 0,01
Vanadium (as V,Os) % 0,01 0,01 0,03
Loss on Ignition % 2,61 3,37 5,32

Key: Test 2. — No Sorbint; Test 2.:— CaS of 1 Test 2.{— CasS of 2; all at 85 C
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Literature (Anthony and Granatstein, 2001 and ZFanju, 2003) states that utilisation of
limestone in FBC reactors is less than 50 %. Thishiown by an increase in CaO in the fly

ash samples obtained during the tests when theab€a/S is increased.

A mineralogy assessment by QEMSCAN was also peddron the same fly ash samples.
The full QEMSCAN analysis data is presented in Appe E. A synopsis of the
mineralogical data highlighting calcium and sulghabmpounds involved in the sulphur

capture reactions is presented in Figure 4-11.
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Figure 4-11: Mass Fractions Anhydrite, Calcite, dadmite, CaMg-Sulphate and Char

Calcium in fly ash was found in calcite (CagOdolomite (CaMg(CG),), anhydrite
(CasQ), or CaMg-sulphate. Sulphur was found in anhgdidind the CaMg-sulphate
compound. The mass fractions of anhydrite and GaMphate in each fly ash sample,

correlates with the SOneasurements and the sulphur retention trendsgjurd=4-7.

The mineralogical proportion of limestone showeal 0% of the sorbent was calcite, 10%

dolomite, and the rest impurities. This indicatleat at the highest limestone feedrate of
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1.5 kg/h, the proportion of dolomite introducedoirthe FBC is 0.15 kg/h. Some of the
dolomite will react with S@and hence only a small fraction will be presenthia fly ash as

shown by Figure 4-11. However calcite in the flghaincreased with the increase in
limestone feedrate.

Calcination stoichiometric reactions indicated thatigher proportion of sulphate compounds
are expected and this was shown by the higher ailmafuanhydrite and the presence of
CaMg-sulphate (Figure 4-11). Literature (Anth@md Granatstein, 2001 and Zhangfa Wu,
2003) also indicates that 50% or more of the aalaiid dolomite in limestone will be found

in ash (both fly ash and coarse ash). This is shiowFigure 4-12, where the proportion of

the reacted and unreacted CaO and CaMgO is quahtifi

m Unreacted CaMgO = Reacted CaMgO m Unreacted CaO = Reacted CaO
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Figure 4-12: Proportion of the reacted and unreacté CaO and CaMgO

The proportion of the unreacted CaMgO remained bewause the sorbent had a relatively
low proportion of CaMgO. However the proportiontbé unreacted CaO increased with the
increment of Ca/S ratio. Evident in Figure 4-12hat at a Ca/S ratio of 2, the amount of
unreacted CaO is relatively high, even though Egd#7 indicates a sulphur retention of
approximately 99%. The reaction between the saréed the coal at this ratio appears to be

ineffective in terms of calcite conversion.
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4.4 Discussion of the Results

The previous section presented the experimentatdeslts and the analysis of fly ash. This
section discusses these results with a focus oméie research question “Can South African
coal be effectively combusted in a bubbling fluetisbed combustion technology?” and the
sub-questions.

Answers to specific sub-questions are presentedesgiqlly in section 4.4.1, 4.4.2, 443 &
4.4.4.

4.4.1 Differences in Carbon-in-Ash
“How does the carbon-in-ash differ for the coalshat different temperatures?
The results are displayed by the carbon in aslusréor the different coals in Figure 4-13.
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Figure 4-13: Carbon-in-ash at the different temper#&ures and calcium sulphur ratios

Ash produced from the combustion of codl as the highest carbon in ash at the different
testing conditions. Coal4combusts better with the lowest carbon-in-ash tharother two

coals at all conditions, this translates to thehbgy combustion efficiency (Figure 4-6).
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Carbon-in-ash for these coals range from 2.40%0t8(0P%, this indicates that the organic
material in these high ash coals does burn in fRB@ with some minor variations between
them. The overall trend shows reduction in carimeash with increasing temperature,
especially in coal A. The initial injection of $mmt (Ca/S ratio of 1) improved carbon
conversion for all three coals, however furtheréasing the ratio to 2 increased the carbon-
in-ash percentage in the fly ash. The total coribsair for each coal was kept constant
during the test; hence the introduction of limestoand the resultant reaction of lime with
SO, which utilises @, reduced the amount of oxygen available for cimar@arbon reactions.
Mohamedet al (2008) showed in their study that altering thefa@l ratio increased the
combustion efficiency, bed temperature and totalt teansfer. Hence keeping the total
combustion air and coal feed rate constant whijectmg limestone, will lead to reduced
combustion efficiency as observed in Figure 4-@l &igure 4-14.

However, the introduction of fluidised bed combastifor the production of electricity in

South Africa will have to compete with the convenal pulverised coal-fired boilers

currently employed locally. Chapter 2 covers taetdrs that affect the implementation of
FBC over the conventional coal-fired technology.ma@ngst these factors is combustion
efficiency (alternatively carbon in ash). Figurd4 shows typical power station carbon in
ash compared to the average carbon in ash fohthe toals in BFBC.
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Figure 4-14: Typical power station carbon-in-ash cmpared to that in BFBC
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A disadvantage of the FBC technology is the lowembustion efficiency relative to the
conventional pulverised coal-fired boilers. Thigint is seen in Figure 4-14 where the
carbon-in-ash portion of BFBC fly-ash is higherrtithe carbon-in-ash of the conventional
pulverised coal-fired boilers. Eskom’s boilers gwoe ash with carbon in the range of 1%
and less. The pilot scale BFBC produces ash withataabove 2% and as high as 8% on
average. However, CFBC has been found to haverloarbon-in-ash as opposed to BFBC.
The Overall plant efficiency of CFBC is similar twose of the conventional pulverised coal-
fired boilers (Utt and Giglio, 2011).

In summation:

* Carbon-in-ash from BFBC fly ash samples, in genematluces with increase in
combustion temperature, indicating that combusti@actions improve with
temperatures. However there is an exception withl 8o

* The tests show that adding limestone into the BHR®@&ctor can improve the
conversion of carbon; however, the air-fuel ratiosinbe adjusted to keep the excess
air the same for all tests.

« The BFBC appears to produces higher carbon-in-agh tonventional pulverised
coal-fired boilers. This disadvantage, as repoitetiterature, indicate that BFBC
technology has a lower combustion efficiency.

* However the overall findings from this study wigspect to carbon-in-ash, indicates
that BFBC is capable of burning SA coals effecivel

4.4.2 Local Impact of BFBC SEEmission
“How are the gaseous emissions impacted by utilisiad3FBC technology?

The National Environmental Management: Air Qualtgt, 2004 (ACT no. 39 of 2004)
notice no. 284, states that existing and new plantst comply with the minimum emission
standards as stipulated in the act from the datestissued. An extract of the act (notice no.

284) showing the required minimum emission starsle&a@hown in Table 4-6.
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Table 4-6: Minimum Emission Standards for Solid Fu€Combustion Installations

Description: | Solid fuels (excluding biomass) combustion instadlas used primarily for
steam raising or electricity generation
Application: | All installations with design capacity equal togseater than 50 MW heat input
per unit, based on lower calorific value of thel fused
Substance or mixture of plant | mg/Nnt under normal conditions of 10%,(73
substances status Kand 101.3 kPa
common name | chemical
symbol
Particulate N/A New 50
matter Existing 10C
Sulphur SGC; New 50C
dioxide Existing 350(
Oxides of NOy expresser | New 75C
nitrogen as NQ Existinc 110C

The SQ emissions from the tests conducted were normadisd% Q so that they could be

compared to the minimum emission standards. Figtk6 compares the emissions from the

pilot scale combustor to the AQA 2004 minimum s&ddemissions.
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Figure 4-15: BFBC SQ Emission Compliancy to NEM: AQA 2004
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SO, emissions for coal combustion tests without limaestreached a high of 3100 mg/Rim
(10%Q) for coal C*. This came just below minimum emission standardekisting plants
(3500 mg/Nni at 10% Q). The coals displayed $S@missions higher than the minimum
emission standard for new plants (500 mgfNat 10% Q) when combusted without
limestone. This is a concern for South Africatisdtion as any new built BFBC power plant

will be required to meet the standard for new pant

The addition of limestone at a Ca/S ratio of 1 dased S@emissions for all three with the
least amount of emission at 290 mg/N\(h0% Q) for coal A. Coal C emitted the highest
with 811 mg/Nni (10% Q) and higher than the new plant standard. Somis evahis rate

of limestone addition will still not meet the stand for new plants.

Further addition of limestone at Ca/S ratio of Zrdased the SOemissions to lower
amounts. Under these conditions, all three coalplayed emissions (maximum of
145 mg/Nri at 10% Q for coalC) lower than the new plant minimum emission stasla
This is an indication that the BFBC plant is capabl burning SA coals in the presence of

limestone with reduced S@missions.

International emission standards are relativelyarstringent than those in South African. In
order to compare them, $@missions from the BFBC tests were compared te®#ssion

regulations, some of the international standards emissions from Eskom’s conventional
coal-fired boilers. To give a realistic indicatiohBFBC results, S@emissions at the Ca/S
ratios (0, 1 & 2) where averaged to give singleugal for the different ratios.  This

comparison is shown in Figure 4-16 below.

It is noted that to meet the local and internati@maission regulations (WRI, 2012), a Ca/S
ratio higher than 1 will have to be implementedSifh FBC coal combustion. However, the
emissions from the BFBC are relatively lower thiae €émissions from the conventional coal-
fired boilers at Eskom (Eskom Holdings, 2012). Eonventional coal-fired boilers to meet
the required emission limit for new plants, the lempentation of the high CAPEX and

OPEX flue gas desulphurisation plant will have ¢oumdertaken

These results also complement the remarks madenilyoAy and Granatstein (2001) and
Zhangfa Wu (2003) which states that limestone/ddimtilisation in FBC applications is
lower than 50%. This observation is illustrated=igure 4-12 where the amount of reacted

CaO and MgO.Ca was compared to their unreactedteqarts.
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Figure 4-16: Equivalence BFBC S@to Eskom and various regulators

In summation;

A reduction in S@ emissions was apparent when coal was combustéukipilot
BFBC in the presence of limestone. Without limastoa lower reduction in SQvas
observed, however the addition of limestone was &bteduce the emission to values
lower than 400 mg/Nrh

Upon comparison with Eskom’s conventional coaldirboiler and the minimum
emission standards for S@missions, the BFBC displayed the potential tot éenver
emissions than currently experienced by Eskom dsal the potential to meet the
standard for new plant when limestone was addexdtl reactor.

Therefore the use of BFBC for coal combustion imegating electricity has a
beneficial impact on the emissions, and it emiss ISQ at a lower cost. It also has
less impact on the environment as yS€@nission is detrimental to particulate

aggregation in the atmosphere and leads to acid.rai
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4.4.3 Local Impact of NQEmissions
“How are the gaseous emissions impacted by utilisiad3FBC technology?

A study conducted by Valentim et al (2006) showat tSA coals produce higher NO and
N>O than their Columbian and USA counterparts. lairtistudy, the authors showed that
increasing the combustion temperature, decreagetbtination of NO for the vitrinite-rich
coals (Columbian and USA) and increased the foomatf NO for the inertinite-rich
coals (SA). NO formation decreased with an increase in combuggmperature for both

types of coal.

Konttinen et al (2013) evaluated the tendency of fé@nation and concluded that the
standard fuel analysis is not enough to provide ribguired inputs for NO emission
predictions in large scale fluidized bed combustioFheir combustion test results showed
that the maximum cumulative conversion of fuelogen to NO under non-staged fluidized
bed combustion is 20-50% (850 °C with i@ excess). Zhangfa Wu (2003) stated that the
coal-bound N converted to NQis between 5% and 40%, whereas less than 10%®ded

to N,O and the rest is emitted as. NFigure 4-17 shows the N@missions from the BFBC
tests as compared to the SA AQA 2004 minimum ewmsstandard for NQn existing and

new plants.

—4— Coal A : No sorbent=— Coal B : No sorbenta— Coal C : No sorbent

--9-CoalA:Ca/lS=1 --#%-CoalB:Ca/lS=1 --A-CoalC:Ca/lS=1

—® -CoalA:Ca/lS=2 =M -CoalB:Ca/lS=2 =& -CoalC:Ca/lS=2
1200

1000 - . ission S Jard f P |
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Miminum Emission Standard for New Plants
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NO, Emissions (mg/Nni) @ 10% O,

Figure 4-17: BFBC NQ Emission Compliancy to NEM: AQA 2004
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The values reported in the BFBC tests and as rifltedi by Figure 4-17 indicate that all
results are lower than the minimum emission stahéarnew plants of 750 mg/Nhat 10 %

O, (Table 4-6). The production of NOncreases with increasing bed temperature, the
addition of limestone also increases the produadioNO, as shown by Figure 4-18. These
trends are similar to the findings by Valentim e{2006). A stoichiometric calculation that
takes into consideration comments by Zhangfa WwW320and Konttinen et al (2013),
estimates the range of N@missions for these coals between 30 and 620 my(Bb to

50 % conversion of Ninto NOy). The actual emissions of N@all within this range when
coal was combusted in the pilot BFBC, even withdldition of limestone, the highest NO
emission was detected at 487 mgAan10 % Q.

To further assess the impact of using the BFBC han dmissions, NQemissions were
compared to international emission limits (WRI, 2land the average N@missions from
Eskom'’s coal-fired boilers (Eskom Holding SOC, 2D1RO, emissions at the different Ca/S
ratios (0, 1 & 2) where averaged to give a realisgtimate of the expected emissions from

BFBC coal combustion. This is shown in Figure84bklow.
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Figure 4-18: Equivalence of BFBC NQ emissions to Eskom and various regulators
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The Chinese and USA NCemission standards are more stringent than theaid) SA
standards. It has become a norm than any new BEBC, CFBC and conventional PF
plants in the USA and Chirmaust consider a DeNQunit to be able to meet these stringent
limits. The cost implication has in some instataleen away the advantage that a FBC plant

has over the conventional coal-fired boiler dugdmon-thermal NQformation.

Figure 4-18 indicates that the BFBC produces le€x than the conventional pulverised
coal-fired boilers and is below the local and thé¢ &mission standards for all Ca/S ratios.
NO« emission results obtained during the tests indidhat the pilot scale BFBC has a

positive impact on the emission of NO
In summation:

» The production of NQincreases with temperature and also with limestmfdition.
The production of BO decreases with increasing temperature and atkdimiestone
addition.

* There are currently no emission limits for,QN however this is a more potent
greenhouse gas than €@nd its production from BFBC reactors should be
minimised. Conventional coal-fired boilers produnegligible NO and hence have an
advantage over the BFBC in this regard.

« The NQ produced from the BFBC coal combustion tests aweet than the SA
minimum emission standard for N@nd 25% lower than those currently produced by
Eskom’s pulverised coal-fired boiler. From a Némission perspective, the BFBC
emits less due to its lower operating temperature.

* However, international standard are more stringiesuh SA standards and the BFBC
is able to meets at least one of the standardsEthestandard. These means that
DeNOx units might have to be installed should S¥ise its standard to follow the
USA and Chinese. Air staging is able to achiewghr NQ, reduction; it is a less
expensive option than the DeNGnits.

* These tests have shown that,N®oduction from the BFBC testing facility is loma
that it falls within the trends in FBC experiencgdrld-wide. This infers that BFBC
is capable of burning SA coals effectively, therefanducing less environmental
concerns, with respect to NOas opposed to the conventional pulverised coadHi
plants.
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4.4.4 Ash Depositions in BFBC
“How does the coal constituent affect ash depositiddFBC?

FBC ash consists mainly of anhydrite (CaS04), l[@a0), silica (SiO2), and related oxides
of magnesium, iron, and dehydroxylated clays odtiimg from coals (Yoon, Balunaini and
Prezzi, 2007). Zevenhoven-Onderwater et al (200&)tions that a number of empirically
based slagging and fouling indices have been dpedlmver the years and that these
methods are based on the production of laboratsings which have little in common with
the ashes found in a boiler. Kovacs (2003) staté led agglomeration are related to high
content of alkali metals in the coal, combined witgh sulphur content, chlorine, silica, and
phosphorous. All these aspects form part of thetsymto the determination of slagging and
fouling indices. Slagging propensities as showiiable 4-6 were determined from the coal

analysis of the coals tested.

Table 4-7: Slagging Propensity of the Coals

Properties Unit Coal A Coal B Coal C ‘
SiO; - Ratio % 84,45 91,52 80,25
Alkali Index % 0,16 0,71 0,13
Base / Acid Ratio % 0,13 0,09 0,15
Fouling Index % 0,08 0,19 0,06
Slagging Index % 0,23 0,13 0,40
Slagging Propensity % LOW LOW LOW

The agglomeration prediction ratios used in thiseagch are based on the acid/base ratio,
slagging index and the fouling index. As preserntedable 4-7, the three coals were found
to have low slagging propensities. However, aggi@ation and slagging can occur if the
process experiences poor fluidisation and poorngixiue to low fluidisation velocity, excess
bed material and coarse bed particles. Localisgld temperature points within the BFBC
could also lead to slagging through the decompmsiand melting of minerals at those
localised temperatures. Fly ash mineralogy assass(QEMSCAN) was used to identify
the different minerals in the fly ashes obtainedrduthe tests. The mineralogy of fly ashes
from coal A, B and C at 85 are shown in Figure 4-19, 4-20 & 4-21 respecyivel
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Figure 4-19: Fly Ash Mineralogy from Coal A
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Figure 4-20: Fly Ash Mineralogy from Coal B
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Figure 4-21: Fly Ash Mineralogy from Coal C

The predominant minerals found in the fly ashestla@emullite (aluminosilicate), quartz and
anhydrite. These minerals have melting points [@ab4) higher than the operating
temperatures of FBC boilers. A small fraction (958bglass was found in the fly ashes, this
might be an indication of some agglomeration duthmgytests. An observation of the coarse
ash showed no sign of slagging or fouling. Thefoom an analytical and testing point of

view, the ashes from the BFBC do not display angéacies of ash deposition.
In summation:

* The BFBC operates at temperatures lower than themadting points of most coals.
However particle temperature is higher than theal/éed temperature and in some
cases ash melting point has been reached leadsayéwe ash agglomeration.

» From a pure analytical assessment, the coals glifplaslagging propensity.

» Physical inspection of the plant after the testntbno agglomeration or slagging.

» Therefore the current tests indicate that the BEB& combust coal without slagging
or fouling.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

4.5 Conclusion

The primary objective of this study was to estdblise combustibility of high-ash coals
(power station and discard coals) in Eskom’s @IBBC facility. Coal combustion tests with
and without limestone addition were conducted whih aim of computing carbon efficiency,
gaseous emissions and the constituents’ of flyaasthifferent bed temperatures. This section

concludes on the findings of this dissertation.

 The amount of carbon-in-ash from the BFBC is higtitean that experienced in
conventional pulverised coal-fired boilers. Thmsaunt of carbon-in-ash is indirectly
proportional to BFBC bed temperature. Fly ash fréoal C had the lowest carbon
residue in ash for all test conditions.

* The carbon-in-ash percentage in the BFBC facilétyaplels with literature findings on
the conversion of carbon in BFBC's.

* However excess air has an impact on carbon comvenshere if not adjusted to meet
the stoichiometric requirements of both carbon ealdite, there will be less oxygen
available for the reactions.

* The addition of limestone reduces the amount of &Ditted. With the exception of
coal A (SQ emission at a Ca/S molar ratio of 1 is below 5GNm’ at 10 % Q)
CalS ratios higher than 1 are necessary to meanhthienum emission standard for
new plants for coals B and C in South Africa.

* The fraction of anhydrite and CaO in the fly asler@ased with the addition of
limestone at 1 and 2 Ca/S ratios. The increagea@ is indicative of the reaction
limitation between the SOgas and the CaO particles. This finding in theBBF
testing facility fly ash concurs with literature are less than 50 % of the limestone is
utilised [Zhangfa (2003), Anthony and Granatst@0Ql)].

* NO, emission from the BFBC for all coals is lower thdm® minimum emission
standard for new plants, but increases with begésature and with the addition of
limestone. The highest emission was 487 mg/kah10 % Q) for coal A.

» The emission of pD is a concern for future application of FBC tedogy. However
the addition of limestone and increases in bed &atpre abate the emission ofON
to acceptable levels. The highest was 418 md/{ét10 % ) for Coal A.
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* There was no agglomeration or slagging during tR8® tests. This is due to the
lower operating temperature of the BFBC and the dtagging propensity determined

from ash composition.

Overall, this study has shown that low quality sozn be combusted in the BFBC with and
without sorbent addition. The results showed that considered coals can be combusted

effectively with reduced emissions, without ashlaggration, and with lower carbon-in-ash.

4.6 Recommendations

* Further research should be conducted using diffesmmbents (limestone and
dolomites) to further assess the utilisation obsat in FBC plants.

e The mechanism of sulphur self-capture should becamebed to develop a
methodology of determining the reactivity of thécaam in coal.

» Future research on the utilisation of limestoneutthdoe undertaken; the aim would
be to determine the possibility of maximising sortbesage in FBC.

* A database of the different FBC fly ash mineralsgysing the QEMSCAN should be
developed to understand the reaction of coal in BB{Eer.
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APPENDIX A: COAL AND SORBENT ANALYSIS DATA

Table A-1: Chemical Analysis Data for Coal A

Ultimate and Proximate Analysis

Inherent Moisture % 2.1
Volatile Matter % 19.8
Ash % 36.3
Carbon (by difference) % 41.8
Total Carbon (Instrument) % 48.65
Nitrogen % 2.34
Hydrogen % 1.11
Total sulphur % 1.79
Carbonate (as CQ) % 1.81
Oxygen (difference) % 5.9
Gross Caloric Value (HHV) MJ/kg 18.63
Net Caloric Value (LHV) MJ/kg 18.39
Total Moisture % 52
Silicon (as SiQ) % 54.3
Aluminium (as Al>O3) % 26.5
Calcium (as CaO) % 6.1
Magnesium (as MgO) % 1.3
Iron (as FexO3) % 2.6
Potassium (as KO) % 0.5
Manganese (as MnO) % 0.01
Sodium (as NaO) % 0.1
Phosphorus (as FOs) % 1.04
Titanium (as TiOy) % 1.7
Chromium (as Cr203) % 0.01
Vanadium (as \\Os) % 0.01
Loss on Ignition % 3.87
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Figure A-1: Mineralogy Assessment Graph for Coal A
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Table A-2: Chemical Analysis Data for Coal B

Ultimate and Proximate Analysis

Inherent Moisture % 2.7
Volatile Matter % 19.7
Ash % 52.5
Carbon (by difference) % 25.1
Total Carbon (Instrument) % 32.78
Nitrogen % 2.12
Hydrogen % 0.58
Total sulphur % 1.41
Carbonate (as CQ) % 1.45
Oxygen (difference) % 6.46
Gross Caloric Value (HHV) MJ/kg 13.6
Net Caloric Value (LHV) MJ/kg 12.68
Total Moisture % 2.7

Ash Analysis

Silicon (as SiQ) % 67.2
Aluminium (as Al,03) % 20.1
Calcium (as CaO) % 1.23
Magnesium (as MgO) % 0.63
Iron (as Fe,0Os3) % 4.37
Potassium (as KO) % 1.85
Manganese (as MnO) % 0.01
Sodium (as NaO) % 0.09
Phosphorus (as FOs) % 0.07
Titanium (as TiO,) % 0.88
Chromium (as Cr,03) % 0.01
Vanadium (as \,Os) % 0.01
Loss on Ignition % 2.74
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Figure A-2: Mineralogy Assessment Graph for Coal B
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Table A-3: Chemical Analysis Data for Coal C

Ultimate and Proximate Analysis

Inherent Moisture % 2.8
Volatile Matter % 18.1
Ash % 45.2
Carbon (by difference) % 33.9
Total Carbon (Instrume nt) % 37.52
Nitrogen % 1.92
Hydrogen % 0.76
Total sulphur % 2.67
Carbonate (as CQ) % 2.35
Oxygen (difference) % 6.78
Gross Caloric Value (HHV) MJ/kg 14.54
Net Caloric Value (LHV) MJ/kg 14.12
Total Moisture % 2.8

Ash Analysis

Silicon (as SiQ) % 47.3
Aluminium (as Al,O3) % 324
Calcium (as CaO) % 3.05
Magnesium (as MgO) % 0.78
Iron (as Fe,0s) % 7.81
Potassium (as KO) % 0.33
Manganese (as MnO) % 0.08
Sodium (as NaO) % 0.05
Phosphorus (as FOs) % 0.02
Titanium (as TiOy) % 2.08
Chromium (as Cr,03) % 0.02
Vanadium (as V,Ox) % 0.01
Loss on Ignition % 4.93
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Figure A-3: Mineralogy Assessment Graph for Coal C
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Table A-4: Chemical Analysis of Limestone

Unit Value

Silicon (as SIQ) % | 5.00
Aluminium (as A}O3) % | 0.69
Calcium (as CaO) % | 49.00
Magnesium (as MgO) % | 3.12
Iron (as FgOs) % | 0.49
Potassium (as 4O) % | 0.40
Manganese (as MnO) % | 0.56
Sodium (as N£D) % | 0.05
Phosphorus (as;2s) % | 0.01
Titanium (as TiQ) % | 0.02
Chromium (as GIO3) % | 0.01
Vanadium (as ¥Os) % | 0.01
Loss on Ignition % | 40.49

83|Page



APPENDIX B: COAL A TEST RESULTS

Table B-1: Experimental Test Data for Coal A

Units Test0.1 Test 0.2 Test 0.3 Test 0.4 Test 0.5 Test 0.6 Test 0.7 Test0.8 Test 0.9
Molar Ratio
Ca/S=0 X X X
Ca/s=1 X X X
Ca/S=2 X X X
Bed
Temperature
830 °C X X X
850 °C X X X
870 °C X X X
Air
Total air kg/hr 74.70 74.74 75.00 76.92 76.00 75.90 76.10 76.50 76.30
Combustion/P
rimary 3.80 3.80 3.90 3.70 3.70 3.70 3.80 3.80 3.80
Excess Air 36.67 40.74 40.57 38.19 39.95 36.57 53.71 50.50 45.59
Fuel
Coal Flow kg/hr 8.50 8.50 8.50 8.50 8.50 8.50 8.50 8.50 8.50
Thermal Input | kW 43.99 43.99 43.99 43.99 43.99 43.99 43.99 43.99 43.99
Sorbent
Flow kg/hr 0.00 0.00 0.00 0.59 0.59 0.59 1.18 1.18 1.18
Reactor
Fludising
Velocity m/s 1.10 1.12 1.14 1.22 1.26 1.25 1.22 1.23 1.23
Pressure kPa 55.00 55.00 55.00 55.00 55.00 55.00 55.00 55.00 55.00
Gaseous
Emission
02 % 5.62 6.06 6.05 5.79 5.98 5.61 7.32 7.03 6.56
co ppm 173.73 164.13 168.55 219.95 193.11 210.84 213.14 171.11 161.54
CO (6% 02) mg/m’ 175.03 170.28 174.66 224.07 199.22 212.27 241.50 189.85 173.38
CO (6% 02) STP

mg/Nm®|  211.62 205.88 211.16 270.91 240.87 256.64 291.98 229.53 209.62
C02 % 12.30 11.94 12.01 13.19 13.00 12.84 11.81 12.12 12.67
C0O2 (6% 02) g/m’ 194.72 194.68 195.54 211.14 210.74 203.12 210.31 211.37 213.62
CcOo2 (6% 02)
STP g/Nm’ 235.42 235.37 236.41 255.27 254.79 245.58 254.27 255.55 258.27
NOx ppm 112.31 145.45 159.08 292.34 363.06 334.09 424.61 453.16 465.95
NOx (6% 02) mg/m’ 121.23 161.68 176.62 319.09 401.32 360.39 515.49 538.69 535.80
NOx (6% 02)
STP mg/Nm®|  146.58 195.47 213.53 385.78 485.20 435.72 623.24 651.29 647.80
N20 ppm 218.42 188.18 176.61 179.82 148.71 151.98 139.71 123.06 117.06
N20(6%02) | mg/m’ 345.81 306.79 287.58 287.87 241.09 240.45 248.76 214.55 197.43
N20 (6% 02)
STP mg/Nm®|  418.10 370.92 347.69 348.04 291.48 290.71 300.75 259.40 238.69
502 ppm 554.77 515.20 634.21 197.49 154.06 140.00 6.79 6.49 7.50
502 (6% 02) mg/m’ | 1277.57 1221.76 1502.16 270.01 889.62 531.21 185.03 106.10 150.83
S02 (6% 02)
STP mg/Nm®| 1544.62 1477.14 1816.15 555.98 439.23 389.51 21.26 19.90 22.24
S02 Retention 69.06 71.22 64.47 88.73 91.30 92.09 99.61 99.63 99.57
N2 % 81.97 81.89 81.83 80.93 80.94 81.47 80.79 80.77 80.70
Combustion
matter in fly-
ash % 10.80 9.50 8.00 7.10 6.00 6.60 9.50 7.70 6.80
Combustion
Efficiency % 90.97 92.17 93.51 94.30 95.24 94.73 92.17 93.78 94.56
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APPENDIX C: COAL B TEST RESULTS

Table C-1: Testing Results for Coal B with and witlout Limestone

Units Test1.1 Test 1.2 Test1.3 Test1.4 Test 1.5 Test1.6 Test 1.7 Test1.8 Test1.9
Molar Ratio
Ca/s=0 X X X
Ca/s=1 X X X
Ca/s5=2 X X X
Bed
Temperature
830 °c X X X
850 °c X X X
870 °c X X X
Air
Total air kg/hr 72,00 71,24 71,59 71,87 71,48 72,06 71,92 71,38 71,91
Combustion/P
rimary 2,95 3,07 3,05 3,12 3,13 3,08 3,00 2,92 2,82
Excess Air 34,84 37,14 37,88 37,50 36,04 35,63 33,88 27,70 26,95
Fuel
Coal Flow kg/hr 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00
Thermal Input [ kw 30,22 30,22 30,22 30,22 30,22 30,22 30,22 30,22 30,22
Sorbent
Flow kg/hr 0,00 0,00 0,00 0,40 0,40 0,40 0,79 0,79 0,79
Reactor
Fludising
Velocity m/s 0,99 0,95 0,98 1,01 1,04 1,00 0,98 0,97 0,96
Pressure kPa 55,00 55,00 55,00 55,00 55,00 55,00 55,00 55,00 55,00
Gaseous
Emission
02 % 5,41 5,67 5,76 5,71 5,55 5,50 5,30 4,55 4,45
Co ppm 116,09 83,19 110,90 86,41 82,21 97,15 90,66 84,37 78,84
CO (6% 02) mg/m’ 115,40 84,11 115,40 115,40 115,40 115,40 115,40 115,40 115,40
CO (6% 02) STP

mg/Nm®| 139,52 99,98 133,29 103,85 98,81 116,76 108,96 101,40 94,76
Cc02 % 12,24 12,27 12,16 12,48 12,61 12,69 13,08 13,77 13,49
CO2 (6% 02) g/m’ 191,21 194,86 194,19 198,71 198,68 199,45 202,88 203,77 198,44
CO2 (6% 02)
STP g/Nm® 231,17 235,59 234,78 240,25 240,21 241,14 245,29 246,37 239,92
NOx ppm 210,62 206,31 165,43 248,63 250,69 236,43 316,36 391,87 311,66
NOx (6% 02) mg/m’ 224,32 223,47 180,17 270,01 269,38 253,27 334,54 395,27 312,50
NOx (6% 02)
STP mg/Nm®| 271,21 270,18 217,83 326,45 325,69 306,21 404,47 477,89 377,82
N20 ppm 123,08 133,77 176,48 134,29 121,20 149,76 122,30 94,12 104,57
N20(6% 02) | mg/m’ 192,26 212,51 281,89 213,90 191,01 235,30 189,68 139,24 153,79
N20 (6% 02)
STP mg/Nm’l 232,45 256,93 340,81 258,61 230,93 284,48 229,33 168,35 185,93
502 ppm 848,36 1050,64 1047,45 395,34 388,08 232,45 82,02 49,31 70,51
SO2 (6% 02) mg/m’ 1927,60 2427,84 2433,55 915,93 889,62 531,21 185,03 106,10 150,83
S02 (6% 02)
STP mg/Nm®|  2330,51 2935,32 2942,23 1107,39 1075,57 642,24 223,70 128,28 182,35
SO2 Retension

% 39,61 26,01 25,86 71,94 72,61 83,47 94,19 96,54 95,01

N2 82,22 81,91 81,94 81,72 81,76 81,73 81,56 81,62 82,00
Combustion
matter in fly-
ash % 4,80 4,60 4,40 3,30 3,60 4,10 4,40 4,30 3,30
Combustion
Efficiency % 91,92 92,28 92,63 94,53 94,02 93,15 92,63 92,80 94,53
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APPENDIX D: COAL C TEST RESULTS

Table D-1: Table Results for Coal C with and withow Limestone

Units Test2.1 Test 2.2 Test2.3 Test2.4 Test 2.5 Test 2.6 Test 2.7 Test 2.8
Molar Ratio
Ca/S=0 X X X
Ca/S=1 X X X
Ca/S=2 X X X
Bed
Temperature
830 °C X X X
850 °C X X X
870 °C X X
Air X
Total air kg/hr 70,17 69,96 69,44 69,58 69,73 69,67 69,80 70,02 69,93
Combustion/P
rimary 3,20 3,19 3,17 3,15 3,20 3,15 3,12 3,08 3,07
Excess Air 31,60 30,09 28,00 27,64 28,15 29,48 28,20 25,65 26,84
Fuel
Coal Flow kg/hr 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00 8,00
Thermal Input | kW 32,31 32,31 32,31 32,31 32,31 32,31 32,31 32,31 32,31
Sorbent
Flow kg/hr 0,00 0,00 0,00 0,70 0,70 0,70 1,50 1,50 1,50
Reactor
Fludising
Velocity m/s 1,02 1,03 1,05 1,05 1,04 1,01 1,00 1,01 1,01
Pressure kPa 55,00 55,00 55,00 55,00 55,00 55,00 55,00 55,00 55,00
Gaseous
Emission
02 % 5,03 4,85 4,58 4,54 4,60 4,77 4,61 4,28 4,43
Cco ppm 122,05 102,63 94,49 84,27 90,05 103,78 113,01 101,94 92,31
CO (6% 02) mg/m’ 118,40 98,43 89,17 79,30 85,07 99,06 106,80 94,43 86,31
CO (6% 02)STP

mg/Nm®| 143,15 119,00 107,80 95,87 102,85 119,76 129,13 114,16 104,35
C02 % 13,03 12,97 13,10 13,55 13,46 13,37 13,75 14,14 14,23
CO2 (6% 02) g/m’ 198,64 195,39 194,31 200,38 199,84 200,51 204,14 205,83 209,16
C02 (6% 02)
STP g/Nm’ 240,16 236,23 234,92 242,26 241,61 242,42 246,81 248,85 252,88
NOx ppm 137,16 160,75 179,04 217,84 212,78 213,39 277,34 335,70 400,55
NOx (6% 02) mg/m’ 142,56 165,18 181,01 219,62 215,37 218,23 280,84 333,17 401,30
NOx (6% 02)
STP mg/Nm®| 172,36 199,71 218,85 265,53 260,39 263,84 339,54 402,81 485,18
N20 ppm 170,06 158,43 136,05 120,04 135,15 154,53 146,95 121,91 97,55
N20 (6% 02) mg/m’ 259,25 238,76 201,75 177,50 200,63 231,78 218,24 177,45 143,34
N20 (6% 02)
STP mg/Nm®| 313,44 288,66 243,92 214,60 242,56 280,22 263,86 214,54 173,30
S02 ppm 1583,72 1511,79 1548,21 416,14 300,97 176,89 74,08 43,16 35,37
S02 (6% 02) mg/m’ 3511,72 3313,98 3339,25 895,03 649,89 385,92 160,02 91,37 75,60
S02 (6% 02)
STP mg/Nm®| 4245,75 4006,68 4037,24 1082,11 785,74 466,59 193,47 110,47 91,41
S02 Retention 41,71 44,47 43,56 84,82 88,99 93,53 97,29 98,42 98,71
N2 % 81,74 82,00 82,12 81,83 81,86 81,80 81,58 81,52 81,27
Combustion
matter in fly-
ash % 3,00 2,40 2,50 2,40 2,60 2,70 3,40 3,30 3,20
Combustion
Efficiency % 96,27 97,04 96,91 97,04 96,78 96,66 95,76 95,89 96,02
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APPENDIX E: FLY ASH ANALYSIS DATA

The following figures represent the elemental facand mineralogy assessments of the fly
ash samples submitted fot XRF analysis.

No Sorbent Ca/S=1

Ca/S=2 ESilicon (as $iO,)

HAluminium (as ALO;)

B Calcium (as Ca0)
E)Magnesium (as MgO)
BIron (as Fe,0,;)
HPotassium (as K,0)
B\ anganese (as MnO)
ESodium (as Na,0)
WPhosphorus (as P,O:)
ETitanium (as Ti0,)
B Chromium (as Cr,0;)
#Vanadium (as V,0;)
Loss on Ignition

Figure E-1: Ash Elemental of fly ash from Coal A, 80 °C tests
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Table E-1: Mineralogy Assessment of fly ash from G A, 850 °C tests

No Sorbent CalS=1 Ca/lS=2
Anhydrite 4.5 5.3 16.2
CaMg-Oxide(S) 5.7 5.9 3.2
Ca-Oxide 0.9 1 13.7
CaMg-Oxide 0.2 0.2 0.5
Iron Oxide 13.1 13.2 10.2
Quartz 11.7 13.8 104
Aluminosilicate 50.1 49.6 31.9
Muscovite+lllite 0.2 0.2 0.4
Microcline 1 1.2 0.6
Glass 2.3 2.5 4.3
Char 9.5 6 7.7
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No Sorbent Ca/S=1

Ca/S - 2 @ Silicon (as Si10,)

B Aluminium (as AL,O,)
m Calcium (as CaO)

m Magnesium (as MgO)
m Iron (as Fe,0;)

B Potassium (as K,0)

B Manganese (as MnO)
B Sodium (as Na,0)

W Phosphorus (as P,O;)
B Titanium (as Ti0,)

¥ Chromium (as Cr,0;)
M Vanadium (as V,0:)

" Loss on Ignition

Figure E-2: Ash Elemental of fly ash from Coal B, 80 °C tests
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Table E-2: Mineralogy Assessment of fly ash from Ga B, 850 °C tests

No Sorbent CalS=1 Ca/lS=2
Anhydrite 1.6 9 14.8
CaMg-Oxide(S) 1.6 1.3 3.3
Ca-Oxide 0.5 1.6 8.1
CaMg-Oxide 0.2 0.1 0.6
Iron Oxide 8.4 54 4.2
Quartz 30.2 30.8 27.5
Aluminosilicate 41.8 36.8 31
Muscovite+lllite 1.3 1.4 0.4
Microcline 6 6.5 2.4
Glass 2.6 2.1 1.6
Char 4.6 3.3 4.3
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Figure E-3: Ash Elemental of fly ash from Coal C, 80 °C tests
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Table E-3: Mineralogy Assessment of fly ash from G C, 850 °C tests

No Sorbent CalS=1 Ca/lS=2

Anhydrite 5.3 13.1 17.1
CaMg-Oxide(S) 2.6 3.6 2.7
Ca-Oxide 0.3 1.6 7
CaMg-Oxide 0.1 0.2 0.4
Iron Oxide 7.1 6.6 5.4
Quartz 21.2 17.6 11.9
Aluminosilicate 52.5 47 44.2
Muscovite+lllite 1.4 1 0.6
Microcline 4 3.1 1.6
Glass 2.3 2.6 3.1
Char 2.4 2.6 3.3
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APPENDIX F: EXAMPLES OF EMISSION CONVERSION AND
SULPHUR RETENTION

F.1: The Conversion of Gas Emissions onto Standarsk Basis
CO measurements are detected as part per millmm)(p

For test 0.6 (Coal A, Ca/S =2), CO was measuredlds84 ppm and the Qvas 5.61%.

» Firstly, the CO value is normalised to 6% &ccording to this equation

Xi,ppm at actual 02

Xi,ppm at 6%02 — 6 — 03 aerual
1+ ( 20,95 — 6 )

_ Co,ppm at actual 02
Co,ppm at 6%02 — 6 — 02 tual
1+ ( ,actua )

2095 —6
210.84
Co,ppm at 6%02 — 6 —5.61
1+ (m)

CO ppm at 6%02 = 205.48 ppm (@6%0,)

« Thenitis converted to mg/Nhby the following equation
Ximg/Nm3 6% = Xippm at 6%02 X Pi
COmg/nm3 6% = COppm at 6%02 X Pco
pco = 1.2505
COpmg/nm3 6w = 205.48 X 1.2505

COmg/nma 6% = 256.64mg /Nm3(@6%0,, STP)

The same principle apply for all gas species
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F.2: The Calculation of Sulphur Retention

Sulphur retention is measure by the following steps

For test 0.6 (Coal A, Ca/S =2): 02 = 5.61%, CO =0284 ppm, C@= 12.84%, NQ =
334.09 ppm, bO = 151.98 ppm, SO= 140 ppm, N= 81.47%).

» The individual mass unit for the different spedgesalculated as follows

m; = v; X Mpiari X 100
Moy = 5.61 X 32 x 100 = 17952
Mmeo = 210.84 X 28 X 100 = 10000 = 59.04
Meoy = 12.84 X 44 x 100 = 56496
Moy = 334.09 X 30 X 100 + 10000 = 100.23
Myzo = 151.98 X 44 x 100 + 10000 = 66.87
Mgpy = 140 X 64 X 100 + 10000 = 89.6
my, = 81.47 X 28 X 100 = 228116
* The mass of gas is then calculated as

Mgas mass = Mco T Mcoz + Myp + Mypz + Myz0 + Msoz + My + Moz + My
= 302879.73
* The mass fraction of SGn the gas is determined

Xmasswsoz = Msoz + Mgas mass X 100

=0.0295827 %

* Mass of flue gas is determined by

. . Xmoi X i Xrixed carb .
Mflue gas = Mtotal air + ( motsture/loo + volatlles/loo Jixed car On/loo X Mcoal

= 81.31 kg/hr

« The mass flowrate of S@mitted is calculated as.
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; ; Xmass‘VSOZ
Mso2emitted = Mflue gas X ( ’ /1()()

= 0.024055 kg/hr

* Theoretical amount of SO2 that can be emitted is.

Mtheosoz = Meoal X Ns in coal X 2

=0.3043

e Sulphur retention is calculated as.

m .
S = 1 = Msozemitted ] * 100
retention /mtheoSOZ

=92.09 %
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