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Abstract

Biomass utiksation as a fuel in power generation has become an increasingly attractive
prospect due ttegislation and consumer awareness surrounding fossil fuels and their effect
on climate change. However, a large portion of the world relies upon energy produmed fr
readily available local coalources. Large quantities of these local coals have low
combustion efficiencies and energy outpés.investigationwas conductetb improve the
combustion performance of these unreactive coals through the addition ofjsamdities of

biomassn cofired pulveriseduel conditions

To assess whethanreactive coal cfired with biomass produced improved combustion
performance a study of slow heating interactions was undertaken. Through the use of
laboratory thermal corarsion techniques, thermogravimetric analysis and horizontal tube
furnace, slow heating ramp rates were achieved. Samples blended on a 50% coal loading
experienced these conditiol®ow heating pyrolysis on a 50% coal loading displayed no
synergistic impovement to VM content of coal blended with biomass, whilst catalytic
increases of char reactivity were observed for coal blended with high ash biomass species

through burpout testing, such as OC.

Following the baseline observations for slow heating dandi, blended samples were
subjected to fast heating ramp rate conditions, through the use of a drop tube furfeste. At
heating pyrolysis conditions on a 50% coal loading synergistic improvements of VM yield
were observed for coal blends with low agtnt|ass species, such as W. High ash biomass
species showed minimal evidence of synergetic increase to VM, instead displaying the

catalytic improvements to char beonit performance, as seen with slow heating rates.

A trail of varying coal loading ratios wsaconducted to determine the quantity of biomass
required to observe the greatest improvements and to ascertain the viability of findings at

industrially relevant conditions.



Synergistic improvements in VM yield were caused by a steam gasification nmsuhani

during fast heating ramp rates whilst catalytic improvements were caused by the presence of
high quantities of alkali and alkaline earth metals (AAEMS). Fast heating rate coal blend
trials conducted with partially demineralised biomass fuels providiegper understanding

of theinfluence that AAEMs had ochar reactivity A regression analysis provided a

quadratic model thatemonstrated a strong relationship between AAEMs and char

reactivity, with a correlation coefficient’Ralue in excess of 95%.

A fast heating rate combustitestwas conducted to determine whether improvement to
ignition distance could be achieved througHficimg. Both qualitative and sergjuantitative
analysis of the captured particieages werénconclusiveas to improvements ignition

distance.
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Chapter 1 Introduction

1.1- Context
Due to the growing evidence of the lmathat anthropogenic emissions aeeising to the
global ecesystem through climate change, loarbon technologies are being forced to the
forefront of largescale energy production and consumption indust8esn, 200§.
Through government legislation and green initiatives renewable energy generation is
developing and has been implemented to produce a portion of the energy demand. These
initiatives focus mainly on wind, solar and nuclear power generation dettvhich all
have considerable drawbacks. Issues over intermittency and reliability effect wind and solar
electricity generation, whereas nuclear suffers from inflexibility and nuclear waste. With this
in mind it is inevitable that the use of fossil feethnologies for the foreseeable future is a
necessity to meet the demands of an ever increasing global energy dpgetica 2014.
Utilisation of co&in the power generation market has been predicted to increase
substantially over the coming decades, with high efficiency and clean technology providing a

low carbon alternative.

The total share of energy generation produced from renewable sourcegyitogoicrease
substantially following the signing of the UN Paris Climate Change agreement in 2015
(FCCC, 2015 This was an internationally recognised accord that detailed agreed upon
global and local Ceemission reductions to stop global temperatures rising abt%veAs

part of the negotiations certain @doping countries agreed to cap £fnission in the

future, after they had been allowed to increase growth in their fossil fuel generation capacity.
As such, coal fired powered stations may be diminishing in countries like thiedul€yer

large quantitie®f coal fuelledenergy generation shall continue to be produced through this

traditional technology.

To meet the targets set in the Paris Agreergemérnments and international bodies are
restricting the carbon dioxide emissions of traditional generatethods through regulation

of energy productiorensuring that large energy generators focus upon increasing



environmentally friendly methods, with legislation setting targets for the energy sector to
adhere to. Within the UK, 15% of the energy demand imeishet using renewable sources
by 2020 and that CCemissions must be cut by at least 80% by 2050, from the 1990
baseline. To meet these and other targets set by the UK government in the 2008 Climate
Change Act power generation companies have begunestigate and implement the use of
alternative fuels, increasing efficiencies and emission cleaim @gldition, in November

2015 the UK government announced plans to phase out all coal power stations by 2025.

Whilst coal consumption has decreasethe WK and the USA, thglobal usage of coal in
2016 had increased compared to figures from ZIES (BP, 2017. Large coal consuming
countries, such as China and India, are making efforts to redacesage. However,
growth of populations and economic activity are requiring levels of coal consumption to
continue at their current rates, as it is a locally sourced @reagysource Of the locally
available coal resourcesed globallylarge quanties consist of low rank and unreactive

coal that provide low energyutputs andow conversion efficiencies

In light of this, technology for the catalysation of coal combustion with biomass fuel can be
seen as an important method of generating greenegyeB@omass cefiring is one of the

most attractive options to be able to deliver reliable and cost efficient renewable energy as
the infrastructure, power generation efficiency and security of supply are available thus
offering lower generation cost acdpital investmenBiomass is recognized as a carbon
neutral renewable fuel that enables cutglémtemissionghroughco-firing with coal on a

short timescale. In additiphy using biomass tcatalyse unreactive coal to produce a larger
energy outputhe efficiencies of power stations operating with this coal type can be
improved.Therefore the need to fully understand the implications and benefitsfioihepis

of great importance to the power generation market.



1.2- Rationale and Objectives
It is clearthat utilisation of coal as a fuel for energy generation is going to continue for the
foreseeable future, with increasing reliance on low rank coals. It is therefore important to
improve the combustion performance of these ¢talimcrease the efficiegmf energy
generation. Additives based on alkali and alkaline earth metals (AAEMSs) have been shown
to improve combustion performanitepulverised fuel conditions. Asiomass asinherently
has high levels of AAEMs it has been proposed thdirow of coal with biomass may
provide the same increases in performance. The current understahiditegactions
betweerbiomassand coal duringo-firing is inconclusive as to significance of
improvements duringombustion. Tierefore the need for an investigatio systematically

identify and quantify these effects is needed.

The aim for theesearctwasto determine the extent to which additions of biomass can
increase volatile yields, thus reducing ignition temperature, and improve chasuidan a
selectiom of unreactive bituminous coaldnreactive coal is a relativistic term and for the
purpose for thisnvestigation it was defined asid to low-volatile bituminous coal that
exhibits low reactivity during pulvered fuel combustion. This leaves high levef fixed

carbon in the ash content, due to an initially high content of inertinite and fusible vitrinite.

The objectives of this investigation were to determine whether synergistic improvements to
the volatile matter yield of the coal could be achieweithe presence of biomass duriheg
devolatisation phasén addition, the investigation was to study the intrinsic char reactivities
for individual and blended samples for evidence of catalytic increases in char reactivity.
Completion of these objectigavould provide an understanding of the exteatbiomass

may be able to improve the combustion performance of unreactive bituminous coals and

identify types of biomass that could maximise the beneficial effects.

The completion of such an-ttepth invesgation into the synergistic and catalytic properties
of cofiring biomass and unreactive coal would develop a full understanding of the

implications and benefits of usihg this technology withithe power generation industry.



Chapter 2 Literature Review

2.1- Coal
2.1.1- Origin and Resource Capability

Coal is a heterogeneous organic fuel that originates from partially decomposed vegetation
that accumulated and was buried in past geologicdSenaot, 1979 The coalification
process occurs as biological, geological and chemical changes occur causing
dehydrogenation,abxygenaton and condensation under elevated pressure and temperature
(Marsh, 198%. The result is a combustible organic fuel that varies widely on its chemical
properties and physical structure depending upon the specific environment that it was formed

in and the composition of the vegetation.

Coal isseen as an important energy source moving forward into the next several decades due
to the ease of access, affordability of access and large reserves that exist for coal and coal
related technologies. Global reserves have dropped by 14% between 1993 BnwiitbOan
increased production of 68% in the same timefré®043. Table2-1 lists the five largest

coal producing countries and their current predigeserves, with all but China observing

over 100 years of production left. The popularity of coal comes not only from its abundance
but due to its large geographical distribution, allowing an increased energy security as
competition exists. With this cqmatitive market come stable and predictable prices that

allow developing nations to meet their new growing energy demands.



Table 2-1 Five largest coal producing countries (2013)

Reserves (Mi) Production (Mt) 2011 RIP
2011 1993 2011 1993 years
United States of America 237 295 168 391 1082 858 > 100
Russian Federation 157 010 168 700 327 304 = 100
China 114 500 80150 3384 1150 34
Australia 76 400 B3 658 308 224 = 100
India 60 600 48 963 518 263 > 100
Rest of World 245725 501 748 1 805 1675 = 100
World total 891 530 1031 610 7 520 4474 =100
2.1.2- Ranking

Coalfuel is a mixtuwe of solids, liquids and gases that vary in abundance depending upon
origin, compositional material and the degree of coalification. The degree of coalification
that coal has undertaken is termed as its rank and the pure carbon content increases through

the series, whilst the moisture content decreases, depicted in Eigjure

Carbon/Energy Content of Coal

Low Rank Coal Hard Coal
47% 3%
«n
]
-
]
«n
]
o
= ,——\
g Lignite Sub-Bituminous Bituminous Antracite
= 17% 30% 52% ~1%
o
=®
Thermal Metallurgical

Steam Coal Coking Coal
., Largely Power Power Generation Power Generation Manufacture of Domestic/
Y Generation Cement Manufacturing Cement Manufacturing Iron and Steel Industrial including
=] Industrial Uses Industrial Uses smokeless fuel

Figure 2-1 Ranking series for coal



As with biomass before, the higher the moisture content the lower the reactivity of the coal,
dueto the lowering of energy released as evaporation must take place. Hendrickson

(Hendrickson, 197pgives the following descriptions for each of the coal ranks;

ALignite, the | owest rank of coal , wa s
altered. Its colohas become brown to black and it is composed of recognizable woody
materials imbedded in pulverized (macerated) and partially decomposed vegetable matter.
Lignite displays jointing, banding, a high moisture content, and a low heating value when

compared vith the higher ranks of coal.

Subbituminous coal is difficult to distinguish from bituminous and is dull, black
colored, shows little woody material, is banded, and has developed bedding planes. The coal
usually splits parallel to the bedding. It has lesitme moisture content, but is still of

relatively low heating value.

Bituminous coal is dense, compacted, banded, brittle, and displays columnar
cleavage and a dark black color. It is more resistant to disintegration in air than are
subbituminous and ligtic coals. Its moisture content is low, volatile matter content is
variable from high to medium, and its heating value is high. Several varieties of bituminous

coal are recognizable.

Anthracite is the highly metamorphosed coal, is jet black in coltignd and
brittle, breaks with a conchoidal fracture, and displays a high luster. Its moisture content is

low and its carbon content is high.

Neither peat nor graphite are coal, but they are the initial and end products of the

progressive coalificatongrc e s s . 0

Coal has a large macromolecule network polymer structure that consists of aromatic clusters
that are cross linked to other aromatic structures by brigigasow, 2013 Therebre in
addition to the increase in carbon content with the progression through the ranking series the

aromaticity within the chemical structuresalincreases, shown in Figur@2The increase



in double bonds, C=C, and the decrease in functional grotisiatom linkages explains
the rise in energy output of higher ranked coals as C=C release more energy upon

dissociation then the linkages.

Lignite Subbituminous Highwolatile Low-volatile Anthracite
Bituminous Bituminous
Coal ranking

Figure 2-2 Aromatic structures found in coal ranks
Even within tle same coal rank the chemical structure and composition varies greatly,
observed for lignite coal in Figu&3.These structural differences and the impurities that are
found within the coal cause a difference in the quality of the coal within the rahkingan
be termed its gradg. G. C. Dryden, 1973 The microstructures of the individual coal is
heavily dependent upon the microstructure that was inherent in the origin material that it is
formed from, as the only changes are biochenailtatations that occur over time from the

elevated pressure and temperature conditions.
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Figure 2-3 Lignite coal molecular structure representations (Matthews and Chaffee, 2012)



Due to this variability som standardized ways of comparing coals have been established.
These analytical techniques are proximate analysis, ultimate analysis, bomb calorimetry and
particle size analysis. These standardized tests are regarded as reporting fuel characteristics

for asample and thus are used to characterize biomass for fuel purposes also.

Proximate analysis Gives a breakdown of volatile matter, moisture, ash and fixed carbon of

a coal sample.

Ultimate analysi§ Gives a breakdown of the elemental composition otda by

identifying the percentage of weight that an element contributes to coal sample.
Bomb calorimetryi Gives a calorific value that states the energy density of the coal sample.

Particle size analysisThis technique is used more during the utilia phase as it ensures

that the coal has been milled to the correct size for optimum performance.

Table2-2 below shows typical composition data for the coal ranking sevids Anthracite
the highest ranked and ranking decreasing down the list tatdiginéan be seen that the
higher ranked coals have lower moisture; however there is addfgieencebetween

anthracite and bituminous coals in terms of the volatile matter percentage.

Table 2-2 Coal fuel characteristics (C. Higman, 2008)

Proximate Analysis Ultimate Analysis Net
(wt % ar) (wt % maf) Heating
Value
Fixed | Volatile {maf)

Coal Rank carbon matter Moisture Ash C H 0 N | S (MJkg)
Anthracite 81.8 77 45 IB.D 918|36|25 [1.4|07| 362
Bituminous 549 356 53 42828 51/101 14|06 36.1
Subbituminous | 436 347 10.5 1.2 764 56|149 17 14| 318

Lignite 278 249 36.9 104 |71.043|232(1.1|04| 267

Notes:

=wt % = percent by weight  ar= as received  maf= moisture and ash free
= C=Carbon H=Hydrogen O=0Oxygen N=Nitrogen S = Sulfur

= Multiply Net Heating Values in MJ/kg by 430.11 to convert to Btu/lb.

2.1.3- Structural Composition
Coal is a mixture of a number of different materials that occur in different proportions with

random distribution. The mixture includes inorganic mineral material and the organic coal



materials temed macerals, which inflnee the structural propertieBhe macerals are
distinct components of organic matter derived from the origin vegetation tissues that
influence the structural characteristics of coal char. The three macerals groups are discussed

in the following subsectiongD. W. Van Krevelen, 1993

2.1.3.1- Inertinite
Derived from partially carbonized plants or intensive biochemical proc€&ses 1983,
these macerals are comprised with lower hydrogen content than vitrinite and behave as inert
additives during carbonization. Havinggher reflectance and high carbon and oxygen
content these macerals are further catergorisedeatdiive and unreactive components on

thebasis of their reflectance values.

2.1.3.2- Liptinite (exinite)
Derived from cuticle, resin and waxy materials exuded by pltnssgroup of macerals
have the highest hydrogen content, volatile yield and heating valdadda it being
regarded as the most reactive gréearrow, 2013 Due to low reflectance this group can be
indistinguishable in white incident light, thus irradiation with UV oreblight must occur to

enable clear viewing of their morpholo¢)y. W. Van Krevelen, 1993

2.1.3.3- \Vitrinite
As the major macerals group observed in most coals it has been recognized that vitrinite is
the standard coalification product of woody tiséDeW. Van Kievelen, 1998 Of the three
groups vitrinite exhibits the greatest thermal alteration during combustion with the degree of
oxidation or pyrolisation relating to the level of the vitrinite content. As such the reflectance

of vitrinite has been used to demnine coal rankFarrow, 2013

2.1.3.4- Porosity
Coal is a solid colloid and thus porosity is a prominent feature of coal with the majority of its
surface area being located on the insitine material. These pores and passageways are
formed during formation as the parljatiecomposed vegetation undergoes biochemical

alteration. The capacity to adsorb gasesvampburs swell invapoursand liquids and



develop heat on wetting can all k&riauted to the porosity of the microstructyez W. Van

Krevelen, 199R

Huge difficulty is experienced when trying to measure pore size and distribution with the

IUPAC developing the modern classification of pore size in 1D72V. Van Krevelen,

1993:
1 Macropores Diameter greater than 50 nm
1 Mesopore§ Diameter 2 50 nm
1 Microporesi Diameter 0.4 2 nm
9 Submicropore$ Diameter less than 0.4 nm

2.1.4- Fuel Characterisation
Coal, much like biomass, is regarded to be composed of the four main components that

influence its fuel characteristics; moisture, volatile matter, fixed carbon and ash.

The main components found in coal are C, H and O, with minor amounts of N and S. In
addition within the substance there is moisture and mineral impurities that vargdabm

seam to coal seath G. C. Dryden, 19783 This variation is due to some of the minerals

being components of the vegetation that underwent coalification and as stated in the biomass
discussion, different vegetation occurring in differemtironments has vastly different

mineral matte{Berkowitz, 1994.

Coal contains many inorganic minerals that have been deposited within the structure during
the metamorphosis process, with the specific inorganic material being dependent upon
geological and geographical position. The major misei@ind in the crystalline matter of

coal are quartz, kaolinite, illite, calcite, pyrite, plagioclasdeldspar and gypsum. Lesser
abundant minerals include Fe oxyhydroxides and sulphates, dolomite, ankerite and siderite
(S. V. Vassilev, 1996aThere are also many more minor augplementarynineralsfound

in various coals from various geographical locations.

The minerals can be used to identify the rank of a coal with higher rank coals being enriched

in illite, mica, chlorite, spinel, dolomite, siderite and hexahydrite and partly quartz, kaolinite

10



and Fe ayhydroxides. Whilst increased levels of montmorillonite, feldspars, zeolite, Al
oxyhydroxides, calcite, pyrite, gypsum and Fe, Al and Ba sulfates are found in low rank
coals(S. V. Vassilev, 1996bThis means that the minerals in higher rank ca@sash
forming elements associated with detrital mineratsv rank coals have high levels of ash

forming elements associated with antigenic minerals and organics.

These inorganic minerals are the main constituents within the ash deposits that form during
the combustion process and by studying their compositiooolerank can be identified.

Low ash coals, <10 wt%, are enriched in moisture, volatile matter, fixed carbon and ash
forming elements associated with authigenic minerals and organics. Whilst high ash coals,
>20 wt%, are enriched with a$brming elementsssociated with detritial minera(s. V.
Vassilev, 199Y. This, used with the knowledge of coal rank and the samdasting

elementsit can be proposed that low rank coals are low ash foraniddigh rank coals

being high ash forming.

2.2- Biomass
The United Nations Framework; Convention on Climate Ch@igeCCC, 200% states the

following description of biomass materials;

fi N ofossilized and biodegradable organic material originating from plants,
animals and micrabrganisms. This shall also include products;ppgducts, residues and
waste from agricliure, forestry and related industries as well as the-famsilized and bio

degradable organic fractions ofinds t r i a | and municipal wastes. ¢

Harmseret al(P. F. H. Harmsen, 2018t at e t hagnokell @t msiilc bi ome
with reference to higher plants, softwood and hardwood based biomass, such as the majority

of the material of interest with respect to this project.

The three main sources of biomass production are forestry residuesitagticasidues and
energy crops. Within the European Union the annual demand of biomass for energy was at

5.7 EJ in 2012 with a predicted rise to 10 EJ in 2020, due to biomass and bioenergy
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providing a cornerstone to European efforts to cut carbon emégdloS. Bentsen, 20)2

This increase shall be met primarily by an increase in the dedicated energy crops grown and
a shift of focus from traditional food crops to lignocellulosic crops, whichigeoa higher

energy potentiaMhilst the European Union may well be able to provide enough biomass

for its own demand in 2020, the greatest potential for increased biomass production comes
from Asia, Africa and South Amerid®. Offermann, 2011 The development of biomass
production in these areas may well become pivotal in meeting the targets set for 2050 of

creatinga low carbon emission power generation mix.

2.2.1- Processing
Several stages of processing are required before biomass can be used as a fuel in large power
generation, each of which requires an energy input. These processing stages can include
pelletisation andorrefication, but will certainly include a drying phase. Pelletisation can be
implemented to increase bulk density of biomass fuels giving the benefit of lower
transportation costs, due to having smaller fuel units. Torrefication can be implemented to
increase the energy density of the biomass fuel by performing a mild thermal degradation
causing tars and volatile matter to be driven off. This technology provides a fuel with better
combustion and gasification properties but incurs additional energy étgrendll biomass
requires a drying process due to high moisture content inherent within biomass that can
cause failure to combust at moisture levels over @%. Bushnell, 1989 This process
can be performed in various ways including using excess heat from the combustion process
if moisture content is initially low enoudh. Hanning, 201Ror by using innovative solar

energy technology for industrial dryir{girasteh et al., 20}4

2.2.2- Structural Composition
Biomass is composed mainly of three components; cellulose, hemicellulose and lignin. The
first components, cellulose and hemicellulose are sugar polymers whilst the third component,
lignin, is a polymer formed of alcohol groups. Each component is dedan further detail

below.
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2.2.2.1- Cellulose

Celluloseisp ol ysaccharide consi st i ngldodlucogidicu c os e

bondthatleads to cellulose having a long straight chain arrangement. The chemical formula
of cellulose is (€H100s)nwith many of the properties that the polymer displays degen
upon the degree of polymerization (DP). DP values can range from 300 to 1700, commonly

in the region of 800 to 1000. The structure of a cellulose molecule is shown in Ziure

HO
©! cnyon

Figure 2-4 Structure of a cellulose molecule with a single unit in brackets
(P. F. H. Harmsen, 2010)
The straight chain arrangement of cellulose molecules gives rise to the formation of
hydrogen bonds between the evenly spaced hydroxide functional groups, forming sheets as

shown in Figure2-5.

Crof

H
H CH,0H ; H
° o 2
H\0 M o W 0‘ o 0"
Ol HO A/’\\-%/ Ol l?’
CH,0H oRl CH,0]

Figure 2-5 Cellulose sheets formed from hydrogen bonding between hydroxide groups
(P. F. H. Harmsen, 2010)
The sheets shown in Figuees will then coalescence together to form a crystalbtructure

that is very strong and resistant to hydrolysis. Biomass consists of arowmighd
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percentageellulose that then forms a major part of the combustibles in biopaghang,

2011).

2.2.2.2- Hemicellulose
Hemicellulose is a collective term for a group of polysaccharides found in the plant cell wall,
such as arabinrylans, glucemannans and galactans. These polymers lack a crystalline
structure due to the highly branched nature of their structures and the acetyl groups that
connect to the polymer chains. The highly branched nature of the structure leads to shorter,
weaker bonds within the chain compared to those found in cellimgee 2-6 shows a

typical hemicellulose structure.

acetyl residue \
CHJD/&;\ *—— 4 0methyd o D-glucurord residue J\
m&zf;f;?\ ’3::_\,&:32;7‘ m,a@mj\
I:I a-L-arabinofuranosy residue ———= HI:"‘/g'jDH

HO

Figure 2-6 Structure of a hemicellulose polyner found in an arborescent plant
(P. F. H. Harmsen, 2010)
The DP for hemicellulose falls in the range of 15Q@0 units, with the difference in
polydisperity, polydiversity and polymolecularity owing to the range of monomer units
found. These monomer units have varying composition and structure dependent upon the
source of origin and extraction meth@l F. H. Harmsen, 20).0Hemicellulose would

contribute 2535% of the mass of dry wood, 288hsoftwood and 35% of hardwoods.

2.2.2.3- Lignin
Lignin is an amorphous thraimensional polymer, with phenylpropane units atdbie.
The most common phenylpropane units encounted-aoeimaryl alcohol, coniferyl alcohol
and sinapy! alcohol, depicted in Figi€. Within softwood (gymnosperm) 90% of lignin

consists of coniferyl alcohol, with the remaining majority beirgppmayl alcohol. On the
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other handhardwood (angiosperm) lignin is made of varying ratios of coniferyl and sinapyl

alcohol(P. F. H. Harmsen, 20)0

Lignin is found between the plant cell walls, playing taiole in the cells rigidity and
endurance. As such, it is the slowest burning of the three components during the combustion
process, yielding the highest energy and thus has been identified as the main component in

biomass char formatiofA. Gani, 2007.

(l.‘n:(m Ll‘H ,OH (l_‘Hon

(I'l_‘}l %‘H CH

CH CH CH
.._f:-'-l-"ﬂ._ ,;'jf-'"'“.. :ﬁ"i-‘h.

"-'C:—\ |] g‘-f:;_‘ __1]\_ - - rJ,\"'ﬁ:‘_ 'IL"-\ —~
X % "OCH, CH,0” 5" "OCH,
OH OH OH

| 2 3

Figure 2-7 Schematics of 1) pcoumaryl alcohol, 2) coniferyl alcohol and 3) sinapyl alcohol

(P.F. H. Harmsen, 2010)

2.2.2.4- Linkages
Within a lignocellulose compound there are four types of intrapolymer bonds and three
forms of interpolymer linkages, as stated in TébB The use of these different linkages
within a lignocellulose compound create a ctempstrong and highly crodmked polymer
that gives rise to the varying combustion performances of different biomass types dependent

upon its botanical origin and environmental conditior(iRgJenkinson, 20)2
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Table 2-3 Linkages faind in lignocellulose compounds

Bonds within different components (intrapolymer linkages)

Ether bond Lignin, (hemi)cellulose
Carbon to carbon Lignin
Hydrogen bond Cellulose

Ester bond Hemicellulose

Bonds connecting different components (intg@olymer linkages)

CelluloseLignin

Ether bond
Hemicellulose lignin
Ester bond Hemicelluloselignin
Cellulosehemicellulose
Hydrogen bond Hemicelluloselignin

CelluloseLignin

2.2.3- Fuel Characterisation
Biomass can be regarded as being formed of four coemts that influence its fuel

combustion performance. These components are:

A Moisture

A Volatile Matter

A Fixed Carbon

A Ash

In general bmassfuels would havédrigherquantities oimoisture, ash and volatile matter
componentgompared with those of cqahus it is seen that the combustion profile of

biomass is starkly different.

2.2.3.1- Elemental Composition
The elements present within biomass can be classified into three categories, major (>1.0%),
minor (0.21.0%) and trace (<0.1%) according to their concdinttaon a dry basis, detailed
in Table2-4. Trace elemental composition shows great variation with regards to differing

biomasses. In additiothe overall elemental composition seems to be dependent upon the
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cultivation conditions, harvesting techniquesl gprecombustion processing methadbs

Jenkinson, 2012

Table 2-4 Biomass elemental compositiogategories §. V. Vassilev, 2010)

Category Elements

Major (1.0%) C,0O,H,NCa, K
Minor (0.1-1.0%) Si, Mg, Al, S, Fe, P, CI, Na

Trace (<0.1%) Heavy Metals e.g. Mn, Ti

The organic forming elements are C, O, H, N and S, with the other major and minor
elements forming the inorganic constituents of the biomass. Howeigetommon to find a
proportion of the organic forming elemertomposing part of the inorganic material and the

inorganic forming elements composing part of the organic maf&rial. Vassilev, 2010

2.2.3.2- Moisture Content
The moisture cont# is hugely influential in the performance of any fuel during the
combustion process. Moisture will be evaporated at the lower temperatures of the process;
this evaporation phase requires energy. This use of energy that is being released during the
combusion process lowers the overall temperature of the combustion system, therefore
lowering the efficiency and rate of combustion. A stable combustion process requires a
flame temperature greater than 1600 K to provide enough energy at the required late to al
the combustion chemical reactions to proceed effici€MlySami, 200 Between varying
biomass types and batches huge ranges of moisture comdre f@und with influences

including seasonal variation, storage conditions and drying processes undertaken.

2.2.3.3- Volatile Matter
Volatile matter is the gaseous mixture released from the solid fuel component when heating
is undergone. With biomass the volati@tter component can be as high as 85% of its mass

during the devolatilisation phase of the combustion process, whereas with coal, the volatile

17



matter yield will usually be less than 5q8axter, 200%. Volatile matter fays a major role
in the ignition process of combustion due to its highly reactive nfftareow, 2013},

meaning a material with high volatile content would likely be highly reactive upon heating.

2.2.3.4- Fixed Carbon
Fixed carbon is the nevolatile solid component of theiél left after the devolatilisation
phase of combustion. As the gadid reactions during combustion are slower thargges
reactions, the presence of a higher fixed carbon content indicates a longer residence time for
the particle. This is shown cleanijth reference to biomass and coal; due to biomass being
primarily volatile matter its residence time in the combustion process is faster than that of

coal.

2.2.3.5 Ash
Ash is the inert inorganic material that is formed during the combustion process and consists
of a wide range of elements. Within the biomass ash it is common to find all major and
minor elements with the abundance of each observed in the following decreasing order; O,
Ca, K, Si, Mg, Al, Fe, P, Na, S, Mn, T$. V. Vassilev, 2013bThe variation in biomass ash
is just as varied as the elemental variation in raw biomass with a dependencesupon th
biomass type and its conditionifidkalitch, 1969. Biomass ash is commonly enriched with
Mn, K, P, Cl, Ca, Na, Mg and depleted in Al, Ti, Fe, Si, S with respect to coébash

Vassilev, 2013p

During the combustion process ash can form an inert layer around chdegpatttigs

inhibiting combustior{Farrow, 2013 Other issues that arise from biomass ash include
agglomeration, erosion, slagging and fouling of boiler systems due to the high concentration
of alkali and alkaline earth metals, as well as trace elements. This occtostideenelting

point of biomass ash being lowered by these elements, especially K and Cl, thus leading to
ash fusing together and forming deposits upon the steel of the boiler $i&t&ami, 2001

S. V. Vassilev, 2013aAn advantage of the higher mineral matter present in biomass ash

meanshat it has more uses than coal ash. These include being used for soil amendment and
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fertilization, construction materials, synthesis of minerals and ceramics, and the viable

recovery of valuable componer{8. V. Vassilev, 2013a

2.3- Combustion
The thermochemical conversion of solid fuels can be achieved through a number of different
technologies, primarily combustion, gasification and pyrolysis. Of the three technologies,
combustion is the only proven technology to effectively and efficiently provide both heat and
power generatio(Nussbaumer, 2003This section of the review will outline the
fundametal processes and reaction mechanisms that occur during the combustion process.
For a more in depth understanding of the processes associated with combustion refer to the

thesis of Katherine Le Manqudislanquais, 201jland Timpere FarroFarrow, 2013

The fundamental processes that occur during combustion differ slightly with respect to the
fuel used, coal or biomass, with the main processes Hejinyy, devolatilisation, volatile
combustion and char combusti@tussbaumer, 20081anquais, 2011P. Jenkinson, 20)2

The project related to this review is concerned with pulverized fuel (PF) combustion, which
is assumed to proceed via a two phase prq&msih, 1994. The first phase being the

drying anddevolatilisation processes, which release the gaseous volatile component of the
fuel followed by the second phase, the ignition and combustion of both the volatiles and the

solid char.

2.3.1- Devolatisation
Devolatilisation is a thermal process that decompadlas feiel into different phases,
normally in the absence or near absence of oxygen. The term pyrolysis is used when the
thermal degradation occurs in a completely inert atmosphere and the terms are used
interchangeably with regard to the combustion prodasso the production of the same
productg(Manquais, 201)1 The products formed during the devolatilisation process are the

released gaseous volatile matter, liquid tars and the solid char.

Devolatilisation results ia rapid mass loss as the volatile matter escapes the solid phase of

the fuel. The process is complex and involves multiple reaction routes including bond
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breakages, vaporization, condensation and dnokiag reactions. These mechanisms occur

at differert temperature ranges for different ranked coals and biomass types thus adding to
the complexity of the devolatilisation process. Not only does this process release volatile
matter, devolatilisation leads to structural changes with respect to the argnaaitit

aliphatic groupgJ. Yu, 2007. Left behind is a solid porous char structure, made of the fixed
carbon content, due to having an increased thermal stability compared to the volatile matter

of the fuel.

2.3.2- Volatile Matter Combustion
Once the volatile matter has been released from the solid fuel during devolatilisation the
gaseous volatiles undergo a series of reactions that cause ignition of the flame in the furnace.
The oxidation of the gases is a complex systémultiple reaction mechanisms involving
intermediate species as well as those released from the devolatilisation process. The
reactions occur within less than 100 ms, and initially involve small chained hydrocarbons
consuming oxygen to produce carbon mxide and watevapout The carbon monoxide
then further undergoes reaction with oxygen to produce carbon digkiddao, 2007.
These reactions and the rate at which they occur are influential in the performance of the fuel

with regard to flame stability and flame temperature near the burner.

2.3.3- Char Combustion
The porous solid char structures urgea series of heterogeneous oxidation reactions once
the gaseous volatile matter surrounding the char particle defiiedegh combustion. This
allows air to reach the particle and thus provide oxygen to combust. The char combustion

process proceeds thrgh five stagefP. Jenkinson, 20)2

1. Diffusion of gaseous oxidizing species to char surface

2. Adsorption of species to char surface

3. Reaction of carbon ather element from char with adsorbed oxidizing species
4. Desorption of elemental oxide

5. Diffusion of gaseous products through boundary leiydo free gas phase
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The primary reactions undergone by the char particle with oxygdiy ardao, 2007
6 0 ©9060 Equation 2.1
¢c06 0 © ¢co0 Equation 2.2
0 06090 ¢cob Equation 2.3

Another important reaction is between the char particle and the vagieurpresent in the

boiler system as shown beldM. Sami, 200).
6 00° 060 O (Equation 2.4

The complexity of the combustion process is so vast that many other dynamic chemical
systems that progress during the combustion cycle have to be understood to predict the
combustion process. One of the more important systems is tli& okidation, with the

reaction mechanisms as folloitsu, 2013;

56 0 © 80 (CO.1)
65 000 00 (0 (CO.2)
56 000 60 'O (CO.3)
O 0 O 00D (CO.4)

The importance of reaction (CO.1) is not the production of Iii@rather its use as an
initiator for the sequeng¢eéue to thaeaction being slow. Once the sequence has been
initiated with the production of single O atomsaction (CO.3) can occur at its own rate as it
produces H as well as GO'he H is used in reaction (CO.4) to produce moredid O
radicals that feed badkto reaction (C0O.3) and (CO.2) to sselistain the reactioithe CO
oxidation system isefd by reactions (C.2) and (C.3) from the oxidation of the char particle,
thus demonstrating one of the interactions that the dynamic systems are undengking

thecombustion processomplex.
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2.3.4- Influential Parameters
There are several parameters that have a large effect on the results gained during combustion
experiments and must be taken into account whilst considering combustion data. These
parameters include oping temperature, heating rate, particle size and mineral matter. As
such these parameters shall be given particular attention whilst experimental work shall be

carried out. The reason for th@fluence is explained below.

2.3.4.1- Temperature
A pulverised fue(PF)boiler system operates at temperatures of FID°C, which is

difficult to replicate in small lab scale experimental equipment. At higher temperatures
thermal annealinganoccur in the char particles, converting available active carbon sites to
unavailable, unreactive sit¢a. N. Hayhurst, 1998 The sites become unreactive due to
structural changes or interactions with mineral matter, producing a more graphitic carbon
matrix (N. V. Russell, 1999 As discussed iaulsection2.3.3 for char combustion to

precede the reaction ocewt adorption sites on the char surface. With fewer sites available
the reactivity of the fuel surface decreases and the rate of combustion decreases. The
consequence of this is that small scale experiments, such as thermogravimetric analysis
(TGA), can observdifferent activities of fuels than would be seen at higher temperature
large scale experimental equipment, sucBrp TubeFurnace (DTF) testing. This has

been stated in many pieces of literature due to the intrinsic burnout reactivity of the char
beingreduced under higher temperatureditonsas thermal deactivation occyi, 1996

M. J. G. Alonso, 2001

Another process that temperaturelefhces is the formation of char during the
devolatilisation phase of combustion. The char can be seen to melt and swell during the
release of volatile mattelue to bubbles formingithin the char structuras gas is released
This phenomena effects therpsity of the char structur@nd iscritical to the volume of

surface area available for the combustion reactions to ¢&c¥u, 2007.
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2.3.4.2- Heating Rate
A PF boiler system operates with the fast heating rates*®f1® °C/s, which as stated

above is difficult for small scale experimental apparatus to mimic. With higher heating rates
there is a faster production of volatile matlee to the reactions shifting into a higher
temperature range, meaningttevolatiisation has a faster rafé. B. Howard, 1981 As

such higher heating ragxperimentsvill produce greater volatile matter yieldsattiwould

be seen at lower heating ra@anquais, 2011

2.3.4.3- Particle Size
During devolatilisation the effect of particle size is that with increasingly large particles,

volatile and tayields decreases due to larger mass transfer resi@fanaay, 2013

However understanding the impact of particle size during combustilbmiied as there are

many factors thatamnot be measured or assessed accurately. These inaccuracies include the
internal and external surface area and the porosity of the char pamtizlprevious study the
factors were ordered in terms of their significa(®eMenendez, 1993The series is as

follows: the total surface area and microstruefuworosity, and overall size. This is due to
combustion being affected by the ease of diffusion to the surface of the char, thus

morphology and pore structure are critical to the fuels performance.

2.3.4.4- Mineral Matter
The mineral matter that is inherent inthof the fuel types that have been discussed earlier

can be influential in their combustion performance. They can act in a catalytic nature or can
add synergistic effects to the combustion process. As these are the underlying themes for this

project theyshall be discussed latter in this reviewsubsection 2.7

2.4- Co-firing
Cofiring is an attractive option with regard to using biomass as a fuel source due to the
lower capital investment needed, higher efficiency that can be reached and the lowering of

notonly CQG, emissions but also those of Nénd SQ.
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2.4.1- Co-firing Strategies
Lower capital investment is needed for theficimg of biomass and coal compared to
combustion of biomass itself due to the infrastructure being in place for coal combustion
initially. As suchco-firing can be operated in existing power plants, utilizing mills and
boiler components that need only slight retrofitting. The three strategiesutifization of
biomass and coal are as follofddussbaumer, 200Riu, 2013;
1 Direct cofiringi Biomass and coal are fed into the same boiler furnace for
combustion
1 Indirect cofiring i Biomass is gasified prior to the boiler furnace and the gaseous
products are fed into the coal furnace

9 Parallel combustioih Biomass and coal are combusted ipasate boilers with the

steam generated powering separate turbine generators.
Parallel combustion is the most expensive strategy to implement as it separates the two fuel
types in every operation of the combustion process, leading to the need for dtibfe se
large expensive equipment, such as boilers and flue gas clean up systems. Hbevever
advantage of this system is that separation of the flue gases and ash from each fuel is
achieved. This can be important if the use of a biomass fuel source g¥ithlkali and
alkaline earth metals is used as the biomass flue gas becomes harder and more expensive to
scrub and the ash cannot be reused for building materials, due to its composition. This in turn
removes a revenue stream for the plant and increastsdie to the need to send ash to

landfill.

Indirect cofiring has the same advantage with regards to the separation of the ash formations
whilst flue gas cannot be separated as combustion occurs in one boiler. Hawsver
cheaper than parallel comliies as it does not need double boiler or flue gas scrubber

technologies.

Direct cofiring needs the least investment as it uses the same equipment and does not apply
separation to either ash or flue gas during combustion. As such the main strategy used b

industry is direct cdiring due to the ease and minimal investment needed.
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CoHfiring is beneficial to the reduction of N@nd SQ, firstly due to the low sulfur and
nitrogen content in the biomass fuel compared to that of coal. In addition theaalikali
alkaline earth metals have a positive effect on the reduction ,c$Sthe calcium and
magnesium oxides in the ash that forms absorbs the emissions to the ash(ldurface
Spliethoff, 1998. In addition the high volatile nature of biomass makes it suitable for use as
a reburn fuel higher in thaoiler system, thus producing a reducing environrferOx to

N2 further decreasing emissio(idussbaumer, 2003

2.4.2- Co-firing Blend Ratio
The blending ratio that is used in anyfoing is critical to ensure that the best combustion
efficiency is maintained whilst keeggjrto within specified emission targets and keeping ash
fouling to a minimum. The ash fouling mechanism is not clearly understood in coal biomass
blended combustion systems, but the result dframy has a higher level of fouling and

corrosion occurring whin the boiler systerfM. Sami, 2001C. Snape, 2007

By blending the two fuel types together improved volatile yield and char reactivity has been
observed with a dependence upon the blend latidhang, 2007H. Haykiri-Acma, 2007.

At lower heating rates theehaviourof coal and biomass during devolatilisation differs with
regard to quantity and type of volatile matter released, rate of devolatilisation and reactivity
of char produced. Howeveturing cofiring the primary reactions of thermal decomposition
for biomass are not affected by the presence of coal and the coal does not seem to be affected
by the release of volatile matter from bioméssBiagini, 2002. In a studywhere lignite

coal was blended with wood chips, the ignition temperature and maximum combustion rate
were found to be achieved at lowentperatures by increasing the volatile matter content
within the blendg¢M. Varol, 2010. This occurs as the biomass content increases and the
study has shown that the blended sample with 75 wt% of biomass to lignite coagis mor
reactive than lignite coal itself. Therefore it can be seen that the usdiohgaan be

beneficial for improved combustion efficiency as well as reducing emission based on the

blend ratio.
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2.5- Lab ScaleExperimental Techniques
To achieve the outcomes$this project a number of different experimental techniques shall
be used to investigate the fuels, fuel blends and the products of combustion. The main
experimental apparatus that shall be used are tlggavimetric analysis (TGA) and Drop
Tube Furnace DTF) to carry out a range of different analytical techniques. This section shall
discuss the background knowledge of these systems, the limitations associated with the
techniques and likely experimental work to be carried out using these systems. feoririurth
depth information and experimental approaches refer to thesis from K. Le Manquais

(Manquais, 201land T. FarrowFarrow, 2013.

2.5.1- Thermogravimetric Analysis (TGA)
TGA is a small scale convenient methodinfilysinghe kinetics of gasolid reactions and
identifying the model of combustion that has been undertaken. The method measures the rate
of change of the samples mass, with chageurrirg as the reactions proceed, over a range
of temperatures. As the sample is heated it may undergo several process; decomposition,
reduction or evaporation that registers as a weight loss or oxidattbabsorption that
registeras a weight additiof). Yu). The TGA apparatus is comprised of a sample pan
connected via a microgram balance to a reference pan, within a temperature controlled

environment, depicted in Figuge8.
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Figure 2-8 Schematic of a TGA experimental machine (White, 2012)

TGA performs two tasks as a sampleeisted differential thermal analysis (DTA) and
differential scanning calorimetry (DSQ@Jarrow, 2013 The DTA stepmeasures the

difference in temperature between faanple and referengans whilst the DSCfunction
measures the chargje the heat flow rate. Both these tasks are completed in either an
oxidizing emironment or an inert atmosphere, dependent upon the analysis technique used

and fuel properties that are under investigation.
TGA shall be used to carry out the following experiments during the project;

1 Proximate analysis
1 Char production via devolatilisah tests

1 Char burrout

Proximate analysis is the standardized test format used to identify the component
contributions within a fuel sample, with the components identified as moisture, volatile

matter, fixed carbon and ash. The procedure for proximatigsas typically consists of an

27



initial phase with temperature set at 200run isothermally for 5 minutes in an inert

nitrogen atmosphere. This phase drives off all the moisture content from the sample and the
weight loss observed can be attributed ®rtioisture content of the fuel sample. Similarly

to identify the quantity of volatile matter, the sample is heated to a point at which
devolatilisatiorwill occur under an inert atmosphere and is kept isothermal for a time period,
with the weight loss coributed by the volatile matter being released. Finally the sample is
heated to a higher temperature again and kept isothermal to allow the char to combust. The
nitrogen gas is then switched to air to allow combustion to occur and the weight loss
exhibitedis contributed by the fixed carbon content. The sample weight left is then taken as

the contribution of ash within the fuel sample.

Char production and buout completed using TGA are done in a similar way to the
processes discussed in the proximateyasmatesting. Char production is done using
devolatilisation, the first the steps of a proximate analysis run, and is carried out to try to
simulate the high temperatures and fast heating rates that are found in large scale furnaces,
such as DTF. As discsed in an earlier section TGA has relatively slow heating rates and

low temperatures compared to those predominately found in DTF and industrial furnaces
and as such differences will be seen between the chars produced through TGA

devolatilisation and thaesfrom DTFdevolatilisation

Char burrout is completed to assess redtiof the char by measuring combustion rates.
Thereactivityise x pr essed as t he e xcaleulatedusing Equaiendi on (

(Farrow, 2013

) — Equation 2.1

The m is the initial mass of char,iB the mass of char at time t andisrthe fraction of
char combusted after buout. The conversion rate can then be calculated using Equation

2.2(Farrow, 2013
= Ep Equation 2.2
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Within Equation 2.2 U -CK), (Here C is the carbon mass after bout and Gis the

initial carbon mass. This can be solved by integration to give EquaBdirthe initial

conditions are U = 0 when t = 0.
11p | 0o Equation 2.3
By plotting 1 Tp | versus tthe rate constant k can be determined as the gradient of the

plot. This allows activation energy (E) and {vgonential factor (A) from the Arrhenius

equation given in Equatich 4.

11 1b Equation 2.4

2.5.2- DTF
DTF is a large lab scale furnace designed to simulate the combustion conditions found
within a PF boiler system with laminar flow that allows gas and particles to flow through the
heated work tube undéne force of gravity. Howeveunder practical use it has been shown
that DTF samples exhibit near laminar flows due to the mixing and flow redirection that
occurs at the entrance of the apparéBusS. Brewster, 1995A DTF consists of an
electrically peheated vertical tube furnace that can devolatilize and combust fuel samples to
produce char and ash. The process is well controlled and operates with high temperatures
and fast particle residence time that provides fast heating rates to the sample-&igur
depicts the experimental setup of DTF appardtbe.DTF system is assumed to have
constant positive pressure throughout that prevents any external air from entering the system
during use and effecting the environment chosen for testing. Thisigsicniot only to
ensure the correct gas mixture exposure to the particles entering the system but to allow the
ideal gas law to be applied to the system to accurately determine the residence time of

particles, as detailed in the following pages.
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Figure 2-9 Schematic of a DTF setugBarranco, 2001)

An important aspect of DTF experimental work is being able to calculate the residence time
of a particle through the furnace. The residence time is an impuaaable as by changing

the length of time the particle is in the furnace, the timeframe within which it was exposed to
operating temperature changes affecting the extent of the reactions. Several assumptions

must be made to enable residence time to loelledéed, which aréManquais, 201t

1 The particle travels in a laminar flow regiméhin theDTF

1 The gas velocity at any point is a function of its radial position

This allows a laminar flow velocity profile to be ajgul to the system, with Equati@bas

the starting poinfManquais, 2011Farrow, 2013
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- ¢p — Equation 2.5

V. is the gas velocity at any point from the center of the work tub&asthe average gas
velocity across the entire radius of the tube (R). In the center of the tube, where r =,0 and V

= Vo,

W -0 Equation 2.6

The velocity of a particle travelling down the center of the DTF work tulbec@h be
derived from theparticles residence time (t) and the length between the feed and collector

probe (L);

W — Equation 2.7

V can then be calculated by the volumetric flow of gas through the DTF (Q) and the cross

section area (A) of the work tube.

w - — Equation 2.8

Rearranging and combining Equatidhg and 2.8o calculate residence time;

0o — Equation 2.9

Q cannot be directly measured inside the DTF, therefore the recorded flow rates measured
outside of the DTF can be used ermmorrected. By usindné ideal gas equation, Equation
2.10,where subscript 1 identifies outside of DTF, subsdifgtentifies inside of DTF and

is temperature in Kelvin, the volumetric flow rate can be calculated.

- - Equation 2.10

By using these calculations the residence time that a particle experiences can be calculated
for a set length of the DTF.arying the lengtlof the DTFby adjusting the ceramic tube

extensions at the bottopmovides the ability toary theresdence times achievedhe
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advantage of this system is that the effect of residence time can be studied for both

devolatisation and char production processes.

When using a DTF there is a conventional ash tracer method used to identify the volatile
yield achieved by an experimental run. The method calculates volatile matter yield on a dry
and ash free basis by comparing the ash content of the original fuel sample with that of the

char produced, using Equati@ri. 1.

W PQ®Q Equation 2.11

Farrov comments that when working with low ash content biomass material, such as
sawdust, in high temperature environments uncertainty in the ash measurements can lead to
errors in calculating the volatile yield using Equatihal.Instead it is suggested to use a

silica tracer method that uses the same equéfamow, 2013.

2.6- Ash Analysis
Due to the vaable nature of both coal and biomass fuel types, ash analysis is an important
part of the combustion process. Levels of unburnt material in ash are used as a gauge to the
efficiency level of a boiler system and the variation between fuel feed stocleachio |
differing boiler operating conditions being optimal for different fuels. In addition the
chemical and physical composition of the ash has a major impact on the behavior it exhibits
during combustion, with corrosion and erosion relationships chadgipgndent upon the
composition. Corrosion and erosion processes are very important to understand as they lead
to slagging and fouling, heat transfer reductions and ultimately the need to replace boiler
parts. This section shall outline some of the ansiysihniques used in the power generation

industry to try and control these properties.

2.6.1- Separation
To fully characterize an ash sample the procedures in Pdbtan be used to concentrate or
recover fractions enriched in minerals, phases or particliesenést. These methods include:
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I Sieving

1 Sink-float distillation

1 Magnetic and froth flotation separation
1 Leaching

1 Evaporation

1 Crystallization

Each of these methods produces a major product that can be deemed potentially useful or

hazardous, which are &slows:

1 Ceramic cenosphere concentrate
1 Watersoluble salt concentrate

1 Magnetic concentrate

1 Char concentrate

I Heavy concentrate

1 Improved ash residue
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Table 2-5 Ash separation procedures (S. V. Vassilev, 2003)

1.Size separation 2.Sink-float

separation

>400 pm Light fraction Lechate Heavier fraction
300-400 pm 6 KM ®F) =TEO Y (>1.0 gicr)

200-300 pm

100-200 pm

20-100 pm 2.1 Size separatior 2.2 Evaporation 2.3 Magnetic separatio
<20 pm

>600 pm
500-600 um
400-500 pm
300-400 pm
200-300 pm
100-200 pm
20-100 pm
<20 pm

Dry warm-soluble
residue = WSC

Magnetic Non-magnetic fraction
fraction = MC

2.3.1 Size separation 2.3.2 Size separation and froi

flotation

>400 pm Coarse-grained fraction (>100 Fine-grained fraction

300-400 pm 20 pm) and flotation (<100 or 20 um)

200-300 pm concentrate = CC

100-200 pm

20-100 um 2.3.2.1 Size separation 2.3.22 Sink-float

<20 pm separation
>400 pm Heavy fraction (>2.9  Medium
300-400 pm glem®) = HC fraction (1.0-
200-300 pm 2.9 glcnd) =
100-200 pm IFA
20-100 pm
<20 um

a CCC - ceramic cenosphere concentrate
b WSC - water soluble salt concentrate
¢ MC - magnetic concentrate

d CC - char concentrate

e HC - heavy concentrate

f IFA - improved fly ash

However isolating all of these components may be deemed excessive and thus it has been

noted that much ash analysis in the literature does not separate out individual concentrates to

this level.

2.6.2- Ash Analysis Techniques

Ash is a complicated variable pyoduct of the combustion process and several of the

common techniques for assessing its composition and properties are listedSélow

Vassilev, 2003

1 Optical microscopy usedto make optical observations tfet bulk sample and its

surface

1 Proximate analysit a standardized test procedure thahsuges the weight loss of a

sample as it is heated. Weight loss at different temperature ranges is associated to

individual fuel components

1 Ultimate analysi$ a test that provides the composition in weight percentage of several

key elements including C,,HD, N and S
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1 Bomb calorimetryi a method to determine the calorific value of a sample

1 Scanning electron microscopy (SEMa nonrdestructive method of visually assessing
the external morphology, crystalline structure and orientation of a sample

1 Energy disprsive Xray analysel(EDX) i used in conjunction with the SEM allowing
chemical composition information to be gathered

1 X-ray diffraction (XRD)i used to collect diffraction patterns, allowing assessment of
the crystallinity of a sample

1 X-ray florescenceXRF) 7 a method t@nalysehe major and minor elemerafa
sample as stated in Table2

1 Inductively coupled plasma mass spectrometry (ICPM&method t@nalysehe trace
elements of a sample

9 Ash fusion test a method for determining the key temparas at which phase

transitions occur

2.6.3- Ash Fusion Properties and Test
The measurement of ash fusion temperatures (AFT) is an impen@@avouto achieve for
a sample as it helps understandtibbaviouraimpact the samples ash will have during the
comhustion, utilization and corrosion processes. With a lower AFT the sample will deform
and melt easier when the boiler system is operating, leading to the ash corrosion within the
boiler and a negative impact upon the heat transfer capability of the sirstaafdition with
a lower AFT the utilization possibilities decrease as the ash is of lower quality and may not

be fit for purpose.

The AFT is the temperature at which a fuel sample undergoes a phase transition from a solid
to a liquid phase. The ash fusitest is a method to determine four key temperatures that

allow a melting curve to be produced. This melting curve predictsehaviourof ash in a

boiler system and involves the creation of a small pyramid of the ash sample. The small
pyramid is then &ated, allowing the deformation characteristics to be observed and

measured as the temperature increases. The four key temperatures are;
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9 Initial deformation temperatuiieThe temperature when the tip of thegoyid first
deforms
1 Softening temperatufieThetemperature when the sample fuses into a spherical shape
and the height is equal to the width. In a reducing atmosphere,thsisme d t he fAf u -
temperatur eo
1 Hemispherical temperatureThe temperatures when the sample fuses into a
hemispherical shapnd theheight is equal to ¥ the width
1 Fluid temperaturé The temperature when the sample fuses into a nearly flat layer with

a maximum height of 1/16 inch.

DRY ASH CONE INITIAL SOFTENING HEMISPHERICAL FLUIO

164" X 374" DEFORMATION TEMPERATIRE TEMPERATURE TEMPERATURE
v R
©
= M= 12w < 116
¥
' | & — |
Y - W -
ASH IS AODRY TOP OF CONE OFTEN CALLED FURTHER MELTED TO
POWDER AND DEGING TO “FUSION DEFORMATION LIQUID THAT WiILL
WILL BE FLYASH | DEFORM, ASH IN TEMPERATURE" TO FLOW IN
AT THIS OR TRANSIT ASH CONE HAS HEMISPHERICAL STREAMS OR
LOWER THROUGH DEFORMED TO SHAPE; DRIP, WHEN
TEMPERATURES FURNACE HAS A SPHERICAL ACCELERATED QUENCHED,
SLIGHT SHAPE TENDENCY TO MOLTEN ASH
TENDENCY TO TYPICALLY MASS TOGETHER TURNS SOLID INTO
STICK TOGETHER STICKS TO TUBES AND STICK IN HARD & DENST
OR SLOWLY THAT ARE LARGE CLINKER MEAVY
BULILD UP ON «1000°F WHEN QUANTITIES TO SLAGGING
TUBE SURFACES ASH IS TUBE SURFACES ASSURED AT
QUENCHED THIS
TEMPERATURE

Figure 2-10 Ash fusion test procedure
The princpal constituents of coal ash, when considered on an individual basis, have melting
or crystallinity change temperatures much higher than the normal AFT. When considered in
their crystalline form quartz (Si{phas a crystallinity change temperature at 1%600wvhilst
sillimanite (AbOs, Si®,) melts at 18168C(A. C. Fieldner, 1918 Compare this to
temperatures found for ash formed under h&ghperature conditions, ranging from a
melting temperature of 116I600°C (S. V. Vassilev, 1995 it can be seen that minerals
present during the production of ash have lower AFTs than those experienced by individual

minerals.
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2.7- Biomass Inorganic Matter Catalysis
With both fuel types having highly varialbd@emical compositions, structures and recitatives
it is understandable that the reactions and interactions that occur between them are highly
complicated. Howevepne influence that has been proven is the catalytic effect that biomass
char can have whearlended and céired with coal chars. Farroet al indicated thathe
blended chars burnt off significantly faster than the unblended chars, with an increase in the
catalytic effect as the biomass component of the blend ratio incrézaeadw, 2013 In
addition with the removal of alkali and alkaline earth metals from the biomass fuel a
reduction in the reactivity of the blends occurred, in some cases complete loss of catalytic
activity was observed. Therefore it can be seen that the minerals inherent within biomass

material are responsible for the catalytic activity that can be observed wAieng.o

2.7.1- Devolatisation Effects
A reason for the increased char bout comes from the bmass char being formed with a
well ordered porous structure, similar to that of a low volatile anthracitic(Bh&Vang,
2012. Therefore its burout rate is increased and the overall combustion occurs quicker.
The formation of this well ordered char is due to the Na anidiidapromoting enhanced
ring condensation reactions during pyrolysis giving a highly condense@<Hadr 2006, C.
Sathe, 199). It has also been proposed that the presence of K within the fuel matrix
suppresses the formation of tar, preserving the char stridtuve Jones, 2007In addition
the alkali and alkaline e metals increase the char production yield as the production of
lower molecular weight species are favored in their presence, which then undergo further

reactions to form char rather than be released as volatile rfiatt&rNowakowski, 2008

After discussing the effect of the inorganic matter inherent in biomass on the biomass char
formation the focus must switch to the effects seen by the coal particles. As with biomass,
inorganic content found within the coal effects the char formatimimg the devolatilisation
phase of combustion. The maihysicaleffects can alter the sizeand porosity of the char

structures generateédatthenvaries the combustion performance of ¢har The minerals
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cause these effects by low temperature cracking of the coal particles or increasing the
available surface area of a particle. Low temperature cracking increases the volume and
altersthe compositiorof the released volatile mattevith this effect believed to be achieved
using heavier trace elements rather than alkali m@Ral3olly, 1988. The increase in
available surface area is caused by an increase in lafiddidand alkaline metals in a

similar way to the biomass chargatinga more ordered structu(g. Murakami, 199%.

2.7.2- Char Combustion Effects
For the catalytic combustion of carbon, three mechanisms have been presented in multiple

studies on additive catalysation and are as folli@danquais, 201t

1 lonization pathway metals with low ionic potentials reduce either nucleation or
coagulation

1 Oxidizing agent promotioi increasegas phase reactions that catalysis the
production of important dynamic species that are needambfobustion

1 Impregnated oxygen carrieirsnetals impregnated within the char structure act as

oxygen carriers transferring oxygen to the surface.

The ionization pathway mechanism reduces coagulation or nucleation by transferring the

metals charge to thedbon particles, therefore causing electrostatic repulsion between the

particles and a greater surface area for reactions to take placffupbrHayhurst, 198p

The alkali metals are considered to propagate catalysis in this n{&engier, 1978with

an observation being made by Oztas and Yufdamum, 2000t hat t he | ower a ¢

ionization energy, the greater the potential to have this form of catalytic effect.

The oxidizing agent promotion mechanissran indirect form of catalysis as it acts as a
catalyst for the gas phase reactions occurring in the combustion environment. As discussed
in Section?2.3.3 char combustion is a complex network of overlapping and integrated
dynamic reactions and in thimechanism the metals catalabe subsidiary reaction cycles,

such as the carbon monoxide oxidation and dissociation of wateur to increase the

volume of oxidizing hydroxyl radicals in the vicinity of the char particle, thus increasing the
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combustion ate(Jenkins, 1972 This mechanism i&vouredin several studies such as

Feugieret al. (Feugier, 1978

The impregnated oxygen carriers mechanism is seen to be most efficidnat feavier

transition metals found in the fuel samples, however it is believed that most metals are
involved in this form of catalysis to some degree during combu@ioH. Cotton, 19711

The impregnated metals sit within the carbon matrix of the char structures and promote the
transfer of oxygen and oxygen derived gaseous species to the carbon surface. The metals
dissociate thexygen into elemental oxygen atoms and hydroxyl radicals, similar to the
oxidizing agent promotion mechanism, and the
surface to the carbemxygen molecules on the carbon surfé@eMul, 1997. The metal is

then reoxidized by atmospheric oxygen and thus the process proceeds until the metal is
expelledfrom the carbon matrix. Due to the reductmxidation mechanism involved in this
form of catalysis, the effectiveness of a metal to cagalgisbon in this manner is linked to

the ease of reduction of the metal to a lower oxidation &até. Querini, 199%

As this project is focused upon the extent that inherent inorganic matter from biomass can
have on coal during efiring blends all three mechanisms can be assumbdue an

influence upon the observations that will be made through experimental work. However
taking into account the elemental composition of biondissussed earlier in subsection
2.2.3.1 it can be inferred that the ionization pathway mechanism witidminant in the

results gathered.

2.7.3- Synergistic Effects
Synergistic effects observed during the combustion of coal with an additive or biomass can
be caused by a broad spectrum of factors. These are factors that cannot be explained by
simple additive behaor and include catalysis, as discussed above, inorganarganic
interactions and interference of mineral behavior due to interactions between inorganics and
inherent mineral matter in coal. Both inorgahimorganic and mineral mattérinorganic

interactions can cause a reduction in effectiveness of one or both reactants. This has been
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shown withZnCl, being used as an additive catalyst, which had its effectiveness reduced in
the presence of organic sulphur and minerals like pyrite or célcité Ibarra, 1991 In

addition, Oztas and YurufYurum, 2000 state that interactions take place betw

inorganics, such as Zn, Ni, Co and CuCl that can be found within biomass, and certain
minerals inherent within coaHowever,within the literature available a mixed view can be
found on the influence and significance of these effects with thwilcpation of coal and

biomass, to the extent that some studies fail to observe synergistic effects.entirely

One such study found rdtiscernibleémprovement upon expected results whespgmlysis

was carried out for wood waste and then wheat straw andituhinous coa(VVuthaluru,

2009. Another study focused upon themgrolysis of wood waste and a lignite coal
observed the same results of no syrsigieffects between the two fuel tygés K.

Sadhukhan, 20080n the other hand, Haykificmaet al.found thatsignificant variations

in thermal reactivity, physical and chemical composition were present in the products of
their study of cepyrolysis of lignite coal and hazelnut shell biom@dsHaykiri-Acma,

2007). This is in agreement with other studies that found variations within the products of
co-pyrolysis during their experimentd. M. Jones, 20Q9. Cordero, 2004 The effects of
synergy seem to be greatest in lower rank coals, with a study showing increases in char
weight of peat and large decreases in char weight of a lignitélollaykiri-Acma, 2010.

This could be of significance with regard to this project, as the synergistic effects exhibited
by the different unreactive coals tested could show a correlation with the normal combustion

reactivity of the coal.
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Chapter 3 Experimental Materials and Methodology

This chapter discusses the fuel materials, both coal and biomass, utilised during this research
program and the experimental techniques used to investigate the hypothdsishafr

biomass synergistic effects occur durindverized fuel combustion. This includes

descriptions of fuel selection and preparation, fuel characterisation, fuel devolatisation
leading to char generation, char reactivity assessment and char characte8sagoal. of

the experimental techniques leawsed varying methodology to provide different parts of the

fuel analysis antherefore before results are discussed in ehapter a brieflescription

may be providedor clarification.
3.1- Fuel Characterisation

An understanding of the fuels prior to clggneration was required to understand the
influence of synergistic effects upon the chemical and physical properties of the selected

fuels.
3.1.1- Thermogravimetric Analysis (TGA)

TGA is a widely employed technology for the analysis of the basic constituent fuel
components found in both solid and liquid fuels; total moisture (TM), volatile matter (VM),
fixed carbon (FC) and ash. Within this study two types of TGA were used, a conventional
electrically heated TA SDT Q600 and a TA Discovery, capable of fastengeates using

an infrared furnace. Both types were used to carry out fuel characterisation at various

heating ramp rates, to mimic the results of the traditional proximate analysis methodology.

The Q600 TGA can reach heating ramp rates of°CH@in, whist theTA Discovery can
reach 500C/min under controlled parameters, with an additional operating condition of
using nonrlinear ballistic heating to reach >2080/min. To investigate whether any
synergistic effects could be observed under slow andhietdiate heating lab scale

conditions the following simulated proximatesdysis methodology was employed:

1 Purge system with nitrogen gas at a flow of 100 ml/min
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1 Ramp temperature from ambient to P@0at 50°C/min

1 Isothermal conditions for 5 minutes

1 Ramp emperature from 11%C to 850°C at specified ramp rate
1 Isothermal conditions fal5 minutes

1 Introduceair to systemflow of 100 ml/min

9 Isothermal conditions for 30 minutes

1 Cool system back to ambient

The specified ramp rates used for the investigatfdreating ramp rate effects on synergistic
effects were 50C/min, using the Q600, 50C/min and ~2000C/min, the two latter

conditions using the Discovery. Sample sizes were between 7 to 10 mg for individual fuels
and ~10 mg for blended samples. Theadatllected from both systems was analysed using
TA software, Universal Analysis for the Q600 and Trios for the Discovery, with a typical

data profile shown in Figure-B.
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Figure 3-1 Typical fuel characterisation profile (South African Coal 75- 150 pum)

3.1.2- Elemental Analysis

Elemental Analysis (EA), also known as Ultimate Analysis (UA), is a technigue used to
quantify the weight percent present of carbon (C), hydrogen (H), nitrogen (N) and sulphur

(S) within asample. A LECO analyser was used for this analysis, whereby the gaseous
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combustion products derived from the sample being butmgimgradeoxygen are

quantified as theftow though the gas column. Typical combustion gases includg,KZO,

SO, SG, NO,, NO and N. The gas column absorbs the gas delaying its transportation
throughout the system depending upon its molecular characteristics. Each molecule is
sequentiall released to be detected by a thermal conductieityedttor that quantifies the
weight percentage that each element contributes to the original weight of the sample. This
analysis of the bulk chemical composition allows for a basic indicator of the fuel reactivity

using C/H and C/O ratios calculated from the results.

The LECO analyser uddor testing required sample sizes to be precisely recorded and input
into its software to enable accurate measurements. Each fuel sample was to be between 45
and 55mg with calibration samptebeing required to b&5 mg. Each sample was weighed

into an ndividual tin foil cap thatwvas twisted closed upon recording of the weight. An auto
sampler system was in place upon this test facility allowing thirty samples to be prepared at
once for individual testing. Each sample is dropped into the combustion ehatmbre a

pure oxygen environment ensures complete combustion takes place. This produced the
combustion gases that were transported to the chromatographic column for separation and

identification.

The LECO system needed to be purged before use witiptalllank and calibration tests
conducted before sample cdule placed through. A blank tesimprised of not placing
anything into the auto sampler port assigned and allowing the sistmmeratewhilst the
calibrationtestsused a standard materialleal2,5-Bis(5-tert-butyl-benzoxazek-

yl)thiopheneor BBOT. The standard material needed to be run to ensure the analyser was
within the chemical composition variation of the known sample composition and had not
drifted due to use. In addition, the BBO&rstlard was used as a reference for the analyser to

calibrate unknown sample results against.
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3.1.3- XRF Ash Mineral Content Analysis

It is necessary to quantify the presencalkéli and alkaline earth metalBAEMs( within
the samples due to their importantiugince upon the combustion processes. In this
investigation a technique called Wavelength DispersivayXFluorescence spectroscopy

(XRF) was employed to analysis the fuel ash mineral matter content.

For this analysis method, the fuels had to firsthablked to allow accurate AAEMs
measurements to be taken. As the AAEMs are a minority component of the overall fuel
composition the ashing process enabled the major components, carbon, hydrogen, nitrogen
and oxygen to be removed promoting the AAEMs to datdetaccurate levels. The ashing
processised was that detailed tine British standard for the production of coal ash for use in
ash analysis, BS 1016104.4:1998. In addition to the coal samples, the biomass fuels and
the blended samples were ashedfeihg this procedure to ensure continuity between

results.

A clean porcelain crucible was heated to 8I5maintained at this temperature for 15 min

and then cooled to room temperatiwpon cooling the crucible was weighed and filled with

3 g of samplewhich wasspread evenlacross the bottonThecruciblewas reweighed with

the sample and then inserted into the furnace at room temperature. The furnace temperature
was then evenly raised to 580 over a period of 60 min and held at this temperaturéSor
minutes The temperature was then raised further to°€l&nd maintained at this

temperaturdor at least 300 minute©nce incineration was complete the sample was

removed from the furnace and allowed to cool to room temperature in air tref@shwas

collected and weighed

Once ashed;0.5 g of sample was placed in its loose powder form into a plastic cartridge
with a 2um Mylar sheet acting as a window fanalysis The plastic cartridge was then
loaded into a Bruker S8 Tiger 1kW spectrometehwithodium xay tube using an 8 mm
mask. High energy Xays irradiate the sample causing the removal of core electrons from
the atoms in the sample. The electrons in the higher energy levels relax to fill the holes,
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releasing Xray radiation that is detéed by the spectrometer. The energy emitted is related
to the energy gap between the energy levels of the atoms in the sample. As every element
has a different electronic configuration, this technique identifies each individual elements
peak and the intesity of said peak correlates to the quantity of that element present in the
sample. The limitation of this equipment is thatahnotdetect any element smaller than
sodium, however the ease of sample preparation, the capability to analyse solid sathples a
the ability to detect silicon meant that this technique was chosen over the other commonly
used ash analysis technique inductively coupled plasma mass spectrophotometlg)ICP

for this study.
3.2- Fuel Selection andPreparation

Fuel selection was an impgant step in providing a broad assessment of the impact of
synergistic effects from biomass-ficed with unreactive coal in a pulverised fuel
environmentTwo important objectives were present within the fuel selection process, firstly
thatthe coal hada be deemed unreactive against the predefined criteria of low to mid
volatile bitumous coathus showinglow char burn out capabilitgecondly, the biomass
fuels had to provide a wide rangeAAEMs contents. To provide this information fuel
samplesf both materialvere subjected to a number of analytical techniquessare that
these criteria were fulfilledn addition, the research wished to discover whether the particle
size fraction used during €oing played an important part on any effectersethus two

particle sizes fraction classifications for each fuel type were investigated. For the coal
species these were &3 em and 75150em, whilst for biomass it was 7860em and 150

300em.
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3.2.1- Coal Preparation

The two coals used in this study were selected by virtue of their slow performance in char
burn-out analysis relative to the original seven candidate fuels, detdlis désting can be

found in Appendix AThe main coal ofocus for this investigation was a South African
blend(SA) of bitumous ranking, provided by E.OMniper). A secondary coal for

comparison was chosen faantial investigation being a Welsh coalf semtanthracite

ranking, sourced from the Ffgsfran reclamation schenihe fuel components listed in

Table 31 are total moisture (TM), volatile matter (VM), fixed carbon (FC) and ash. They are
provided on a weight percentage that has been modifiextctade certain fuel components.

These are

1 Asfired (af %) meaning the weight percent as recorded by test
1 Dry basis (db %) meaning the moisture content is excluded

1 Dry ash free (daf%) meaning the moisture and ash content are excluded

Table 3-1 Proximate Analysis of South African and WelshCoals

Samplmg ( TM(af %) VM (daf %) FC (daf%)  Ash (db %)

SA (53-75) 1.8 30.0 70.0 17.2
SA (75150 2.8 30.1 69.9 15.1
Welsh (53-75) 1.6 17.0 83.0 13.45
Welsh (75-150) 1.7 16.8 83.2 11.3

Table 31 lists the fuel components of the coals selected usingytixémate analysis ntieod
described in subsection 311 Table 32 describes thelemental composition of the coal

species investigated and has used the analysisgeehtescribed in subsection 21
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Table 3-2 Elemental Analysis of South African and Welsh Coals

Carbon Hydrogen Nitrogen Oxygen
Samp Img ]
(wt%) (Wt%) (Wt%o) (wWt% by diff)
SA (53-75) 66.6 3.9 1.8 27.7
SA (75150 67.0 4.1 1.8 27.1
Welsh (53-75) 74.3 4.0 1.3 20.4
Welsh (75-150 75.3 4.0 1.3 194

Within Table 33 theashmineralcontentsof the mal samples are detailed, with analysis

provided using the method described in subsectibi3.3.

Table 3-3 Ash Mineral Content Composition of South African and Welsh Coals

Sample €m) SA (5375 SA (75150 Welsh(53-75 Welsh (75150
Ash (db %) 16.69 15.82 10.80 9.34
SiO; 6.51 5.82 3.01 2.43
Al,03 4.26 3.70 2.38 1.85
FeOs 0.55 0.30 1.69 1.61
TiO, 0.34 0.32 0.08 0.07
CaO 0.95 0.60 0.31 0.20
T_—*\i MgO 0.12 0.08 0.15 0.10
2 Na.O 0.10 0.00 0.08 0.06
= K0 0.13 0.11 0.33 0.30
Mn 3O, 0.01 0.00 0.01 0.00
P2Os 0.25 0.25 0.12 0.07
SOs 0.32 0.19 0.35 0.20
Trace Metals 0.11 0.07 0.05 0.05
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3.2.2- Biomass Preparation

The six biomasses species studied in this investigation were chosen from an otigihal se
10 materials. These materials came from a range of sources including agricultural waste,
cultivated energy crops afiorestry, with plant typealso varyingThe main driver for

biomass fuel selection was the AAEMs content of the fuel, details dk#tiag can be

found in Appendix A with a secondary driver being the importance of this fuel to industry.
Therefore, the six species chosen represented the entire AAEMs spectrum available to the
project as well as including certain fuels that were deantdstrially relevant. The biomass

fuels chosen with their corresponding labelling were;

1 Olive Cake (OC)

1 Commercially available mixed white wood pellet (W)
1 Raw bagasse (Bag)

1 Eucalyptus pellet (Euc)

1 Miscanthus pellet (Mis)

1 Steam terrified pellet (2)

Tables3-4 and 35 lists the fuel components and elemental compaosition of the biomass
species selected using the same techniques as stated for theatysik. In addition, Table

3-6 provides details of the AAEMs content found in the ash of the biomass species

Within Table 34 there are large differences observed between ti®&Fam and 156300
um particle size fractions of the W and Bag fuels ash vaBeth species have low
gravimetric density that made testing of these species difficult within the T@Aodhe
limited size of the testing pans and the quantities of sample required. Vartzsrged
during thetriplicatedtesting of W wa$).08% for the 75150um and 0.186 for the 156300
pum, whilst Bagexhibited variance o0f.36% for the 75150 um and 563% for the 156300

um.
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The variancdrom the triplicated testing @dag was largand believed to be due to the

volume of material that was needed to be placed within the TGA sample paet

specified test sample weigfithe excess material appeatedhinder the flow of gas around

the sample, in turn leading to inefficient combustion performance. In addition, the low
weight astmaterialdeposited by the fuel was removed from the sample pan by the purge gas
within the system during the combustion phaong with thegasegjeneratedThe W

species had very low quantities of ash to begin thith proved difficult for the sensitivity of

the TGA to measure whilst also suffering from the problem discussed for Bag of light weight

ash material.

Ash conterg differ between results shown in Tabld and those in Table-@due to being
calculated from different testing equipment. Those found in Talllé&®/e been determined
using TGA whilst those found in TableG3having been calculated from experiments
corducted in the ashing furnacenose in Table & were only used for mineral matter
composition calculations whilst those in Tabld @vere used as a base line for further TGA
determined results and calculations that were based on those results, suchvaRiiéF

matter.
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Table 3-4 Proximate Analysis of Selected Biomass

Samp Imp T™ (af %) VM (daf %) FC (daf %) Ash (db %)
W (75-150 7.7 85.8 14.2 2.7
W (150-300 7.3 84.4 15.6 0.9
Bag (75150 5.5 87.8 12.2 23.7
Bag (150300 13.1 86.1 14.0 11.3
OC (75150 6.9 76.5 23.5 10.3
OC (150-300 11.9 75.8 24.2 10.5
Euc (75150 7.8 84.5 15.5 2.1
Euc (150-300 7.8 84.6 15.4 1.7
Mis (75150 7.3 78.3 21.8 8.2
Mis (150-300 7.8 78.4 21.6 8.9
Z (75150 5.5 79.2 20.8 3.4
Z (150-300 5.1 78.6 21.4 3.1
Table 3-5 Elemental Analysis of Selected Biomass
Carbon Hydrogen Nitrogen Oxygen
Sampl e ( )
(Wt%%) (wt%) (Wt%%b) (Wt% by diff)
W (75-150) 46.0 6.5 0.2 47.3
W (150-300) 46.1 6.6 0.2 47.1
Bag (75150) 40.8 5.8 0.5 52.9
Bag (15G300) 44.6 6.3 0.3 48.8
OC (75150) 45.4 6.2 2.2 46.2
OC (150-300) 45.6 6.2 2.1 46.1
Euc (75150) 46.1 6.5 0.2 47.2
Euc (150300) 46.1 6.5 0.2 47.2
Mis (75-150) 41.9 6.1 0.6 51.4
Mis (150-300) 42.7 6.1 0.6 50.6
Z (75-150) 48.1 6.0 0.3 45.6
Z (150-300) 48.1 6.0 0.3 45.6
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Table 3-6 Mineral Matter Composition of Selected Biomass

Sample €m)

Weight %

Ash (db %)
SiO;
Al>O3
Fe0Os
TiO»
CaO
MgO
Na.O
K20
Mn 304
P20s
SGs
Trace Metals

ocC ocC W W Bag Bag Euc Euc Z Z Mis Mis
75150 150300 75150 150300 75150 150300 75150 150300 75150 150300 75150 150300
11.24 10.47 0.86 0.54 18.38 9.30 1.30 0.64 3.40 2.76 8.35 9.07
0.94 0.90 0.03 0.01 7.46 3.73 0.16 0.08 0.19 0.13 1.43 1.63
0.20 0.19 0.01 0.00 2.61 1.15 0.09 0.04 0.03 0.03 0.09 0.11
0.65 0.17 0.12 0.02 1.08 0.50 0.34 0.05 0.16 0.09 0.54 0.86
0.00 0.01 0.00 0.00 0.18 0.08 0.00 0.00 0.00 0.00 0.01 0.01
1.08 1.27 0.26 0.18 0.83 0.40 0.21 0.13 1.70 1.33 0.57 0.61
0.55 0.50 0.03 0.03 0.44 0.18 0.09 0.04 0.13 0.11 0.13 0.14
0.16 0.13 0.01 0.01 0.00 0.00 0.00 0.02 0.00 0.04 1.88 2.39
3.45 3.54 0.10 0.09 0.92 0.44 0.09 0.07 0.28 0.30 0.66 0.74
0.01 0.00 0.01 0.01 0.02 0.01 0.02 0.01 0.03 0.03 0.01 0.01
0.53 0.47 0.03 0.02 0.44 0.21 0.04 0.02 0.07 0.05 0.15 0.19
0.27 0.24 0.08 0.03 0.22 0.09 0.03 0.02 0.07 0.06 0.16 0.18
0.31 0.25 0.01 0.01 0.03 0.01 0.01 0.01 0.05 0.03 0.14 0.16
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3.2.3- Demineralisation of Biomass

AAEMs are known to influence the behaviour of fuels throughout the different stages of
combustion, as detailed sulsection2.7. Thereforeto fully investigate the impact any
synergistic effects found durirap-firing a chemical demineralisation process was used on
the parent biomass fuelBhese demineralised fualgere ested in the same manner as the
raw parent fuel blends to assess the difference in combustion performances.
Demineralisationnvolved a HCI washing tahnique to remove icaxchangeable mineral

species.

A low concentration HCI solution (1 M) was used to soak the parent biomass species for a
minimum of 90 minutes whilst being std at temperatur&0°C. The low concentration of

the acid solution wassed to minimise acidic degradation of #@mples. The process was

used in small batches of 30 g of biomass placed in 450 ml of HCI solution. The mixture was
heated to 6% and kept at temperature for at least 90 minwtalst being stirred constantly.

The mixture was then ®hner filtered with the solid material being washed with deionised
water repeatedly. The washing with deionised water continued until the material was seen to

be Cl free by using silver nitrate.
3.2.4- Milling and Sizing

Part ofthe investigtion was tainderstand the role of paie sizing during the cfiring
process. Two particle sizes for each material type were chosen for use throughout the
investigatian. These were 535 um and 75150 um for coal and 7850um and 156300

um for biomas. The maximumsize fractiongo be used in this study were limited300 um
due to the feeding limitation of some of the pyrolysis test facilities, namely the Drop Tube

Furnace (DTF)

All of the fuels were pre milled for use in this investigatibhe c@l materials came from

thesource having already been crushed and milled ready for pulverised fuel use. The
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biomass materials were provided from another University of Nottingham investigation into
biomass milling. All of the biomass material was milletipreparedisinga bond index
test. The processl use is described by watkrried outy Dr. O.Williams. (Williams et al.,

2015 Williams et al., 201p

For use in this study the fuels had to be sieved to the required size Basiimy)n Retch

steel sievesThe sieve sizes used were 00, 300um, 150um, 75um, 53um, 36um and

a base unit. The sieves weneunted into a Retsch AS 200 sieve shaker in ascending order
with the sample placed into the top sieve. The shaker was set to operate for 30 minutes at a
oscillation of 3.00. A separate sieve set was used between the coal and biomass materials to

preventcrosscontamination of the fuel stockisiring sieving
3.2.5- Sample Blending

As cofiring was the focus of this investigation, the preparation of the blended samples was
an important process. All blended samples were calculated on a weight basis with the
majority of testing being conducted for a one to one ratio mix. The labelling throughout the
investigation was 3% coalfor 1:1 ratios, withother blend ratios being 9:1, 3:118 of coal

to biomass.

The blended samples were created by weighing out the edcarnount of the coal material
first into a glass sample vial, with the required quantity of biomass being added. This created
a two layered sample that was roughly mixed with a spatula and then sealed. The sealed vial

was thershaken for 5 minutes upon akis until the mixture was fully dispersed.

As the process of producing blended samplas choseto reflect a mass bizssfor

mixtures, there was an associated impact on the volume ratio of the mixtures. For fuels that
had negligible gravimetric dengivariation, such as the OC and Z when blended with the
coals, the volume ratidifferencewas also negligible. However, several of the fuels had
larger variation between the gravimetric densities that led to a skewed volume ratio

occurring. Fuels that eitited skewed volume loadings includedafndEuc (Williams,

53



2015) This skewed volume of biomass to coal provided some difficulties with regard to
causing blockages within the DTF system however this issue was mitigated ly caref

manual feeding of samples.
3.3- Char Generation

Two types of char generation technologies were employed to create samples to assess the
impact of synergistic effects during-ficing at different thermal convsion conditions. The

DTF was used to produce ahunder simulated industrial conditions, with heating rates in

the order of 16to 1 °C/s, whilst a Horizontal Tube Furnal¢TF) was used to produce

char that simulated the material produced during proximate analysis.
3.3.1- DTF

The DTF used in this projeetas designed and built by Severn Thermal Furnaces for EON
Energy Limited in 1989. Since its relocation to the University of Nottingham in 2007 the
system has undergone extensive retro fitting to ensure that it provides reliable and repeatable
char productin. The DTF was designed to be a laminar flow reactor to mimic conditions

found in a power station, however due to turbulence created in the gas box at the entrance of
the work tube it has been shown to actual be near laminar flow. The system can l@grun us

a variety of gas environments but for this study a nitrogen with 1% oxygen flow have been

used to produce chéor further analysis. Figure-3 depictsa schematic of the DTF.
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Figure 3-2 Schematic of D'F

3.3.1.1- DTF Setup

This system has be@&sed in many studies includimgth descriptions of the test facility
included inall (Farrow et al., 2019_e Manquais et al., 20J1As suchonly a list of themain

components of the DTF systarefound below as these may be referenced:later

1 Gas supply system
1 Programmabléeating units consisting of a pheater, main hear and trim heaters
1 Water cooled feeder ambllection probes

1 Adjustable collection probe for varying residence time
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I Vacuum system consisting of a cyclone to drop char into a collection vessel, a

particle filter and a vacuum pump
3.3.1.1.2 DTF Gas Supply

A constanias flow was supplied to the DTF during experimental operation, with gas flow
controllers enabling quick and reliable adjustments to the levels of gases entering the system.
In addition, the DTF had an oxygen monitoring system connected into the garefloark

to ensure the 1% oxygen environment was achiéMeel operating gas flow differed for

varying residence times due to its impact upon the particles travel time through the pyrolysis
zone, however a sufficient flow was maintained throughout to cagabsitive pressure

differential to minimise in leakage of air. The DTF is fitted with a flow straighten devise

above the entry point of the particles to create a near laminar flow enviroathogring

consistent residence times to be achieved.

A nitrogen environment was chosen for this study as the focus was upon char generation,
however it has been shown in previous studies using the DTF that 1 % oxygen provides
better operating conditiof€. Snape, 2007 The limited oxygen in theystem combusts

with the most reactive materials within the system, primarily the volatile matter released
during pyrolysis, thus reducing tar formation on the inside of the feeder probe, reducing

blockages.

3.3.1.2- DTF Char Generation

Generation of chars fromefDTF system were achieved by feeding 2 g samples through the
feeder probe into the furnace whilst at temperatigcrew feeding system was trialled at

the beginning of tis research, however the biomass material did not feed through this
effectively andwvould form blockages. As suchll samples were manually fed into the

feeder probe to ensure continuity throughout the results. The system was set to expose the

sample particles to 130C as they travelled through the furnace for residence times of 200
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ms or 600 msThe accurate weight of the sample and collection pots were recorded before
the beginning of each run, with the collection pot being weighed upon removal. Once
weighed the char was collected and taken on to be used in further analyticalueshBagch
experiment was run in triplicate to ensure the variability of the DTF char production method

would beassesseduring analysis.
3.3.1.3- DTF Devolatisation Analysis

To determine the volatile matter yield produced during this form of char generation an
aralysis known as the ash tracer method is employed. Due to the poor collection efficiencies
experienced whilst using entrained flow technologies this method provides a better
approximation to volatile matter loss than a calculation based on mass yieklSTamash

tracer method utilises a comparison between the ash content of the starting fuel with the ash
content of the produced char, shown in Equa®di in subsection 2.5.2 and reiterated as
Equation 3.1as the ash constituent is assumed to remahintthe sample throughout the

pyrolysis process.

wo 0P QOQ Equation 3.1

Within Equation 3.1 VMt is the volatile matter content produced from thpegimental
run as a weight percentage adry ash fredasis(wt% daf). Ashnaris the ash content of the
char produced from the experimental run, determined through TGps@described in
subsection 3.1, weight percentagen a dry basi$wt% db). Ashue is the ash content of the
fuel being introduced into the furnace that was determined during fuel characteriiation

a weight percentage on a dry basis (Wt% db)
3.3.2- Horizontal Tube Furnace HTF)

The HTFsystem was used in the investigation to predsimulated TGA char for
comparative analysis against that generated using the DTF system, due to the low production

nature of the TGA systerio establish the conditions to use to replicate TGA char reactivity
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a brief investigation was under taken to etate the HTF chameactivityto that produced

from TGA, details of these results can be found in Appendix B.

The system consists of a 61 mm diameter quartz work tube lying horizontally through an
Elite Thermal horizontal furnace. The work tube had a emiglow of nitrogen gas at a rate

of 1 L/min to provide an inert atmosphere for the pyrolysis process. A 3 g sample would be
placed in the centre of th€TF, within the work tube, and the vessel sealed for 10 minutes
prior to heating commencing to purdeetsystem of any oxidative gas. The furnace would be
set to a heating ramp rate of A&min with the temperature to be reached at®®50Jpon
reaching the desired temperature $hmple would undergo isothermal conditions for 60

minutes before the furnaavould begin to cool down.
3.4- Char Characterisation

To comprehend if any synergistic effects had occurred during tfieireg of biomass with

coal the char generated under differing thermal conversion conditions needed to be
characterised. Each technigused focused upon analysing a different aspect of the chars
properties, thus an overall understanding could be developed when all of the results were

viewed together.
3.4.1- Char Reactivity

A comparison of the relative reactivity of the chars generated at bettaslb fast heating

rates was conducted under isothermal combustion conditions using the Discovery TGA
system described in subsection.3.1Due to the high volume of samples to analysis a one
temperaturehar burroutapproach was adopted, rather thanusaalmulti-temperature

burn-out scheme seen in other studies. The one temperature approach provided information
on apparent first order rate constants (k) and the time taken to achieve 90-8titonirthe

char (T90). However, this approach cannot protideactivation energy (Ea) nor the pre

exponential function (A) that using a range of temperature-buts can.
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The chosen temperature used for the isothermal regime wa€ 52Bis would be

considered as a high temperature for biomass analysis btd theeunreactive nature of the

coals selected, the increased temperature was required to accommodaidt farthese

samples. A sample of between 10 and 20 mg was inserted into the TGA and experienced the

following test program;

1 Purge system with nitigen gas at a flow of 200 ml/min

1 Ramp temperature from ambient to P@0at 50°C/min

1 Isothermal conditions for 5 minutes

1 Ramp temperature from 12Q t0525°C at500°C/min

1 Isothermal conditions fds minutes

1 Introduce oxidative environment by switchitggair gas, flow of 100 ml/min

9 Isothermal conditions fakt80minutes

=

Cool system back to ambient

The data collected from both systems was analysed using TA Trios software, with an

example of alata profile shown in Figure3

100 __\ 600
I '

80

- 400

60

Weight (%)

] L 200
10

(D) L 2JmiEladuwls]

0 -
0 50 100 150 200 250

Time ¢ (min)

Figure 3-3 Typical char burn-out profile (South African Coal, 53-75um, blended with Bagasse,
75-150 um on a 1:1 ratio
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To provide information on the relativistic reactivity of each char at’62the mass loss
during the combustioperiod of the profile is analysethe equations described below can
be found in subsection 2.5.2 but have been reiterated for explanatory purposi=yrélecof
mass loss can be characterised using a relative fractional weight conversiorUfaltdris

calculated using Equation 3.2.

| —_— Equation 3.2

WhereUis the fractional weight conversion factor of a value between 0 and 1, 1 being full
conversion and 0 being no conversion, whilsts the initial massf the char samplen is
the mass of the char sample at tina@dnyis the mass of the sample once combustion has

been completed.

Unormalises the combustion profile for each char allowing a comparison between samples
of varying char yields and ashrdents. By taking the conversion rate, given by Equation
3.3, and integrating it with the initial conditions@& 0 at t = 0, shown in Equation 3the

apparent first order rate constant can be graphically determined.
— Qp 1) Equation3.3

IIp | Qo Equation 3.4

WhereUis the fractional weight conversion factbis time and k is the apparent first order
rate constant. By plotting the valuesidh(1i U) against timet], k is given as the gradient

of the straight lineA T90 value was calculated for each char by assessing the time taken to
reach 90% conversion of the total mass |6ss.both the calculation of k and the T90

results, the methodology was applied between 5% andd®$8e char mass lo$s remove
thetail ends of the combustion profiles that deviate from the overall relationship. The
remaining char mass from the btout test was taken as the ash content of the char sample
and used in the DTF devolatisation calculation, detailed in subsecdidr83where

necesary.
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3.4.2- Char Ash Mineral Content Analysis using XRF

The mineral matter within the char samplesr&quantified by employing the methodology
used in subsztion 3.13. Due to the low concentration of char mattesome of the samples
and the poor colleitin efficiency of the DTRising 3 g ocharsample for ashing was not
always possibleBy not having enough char sample placed into the ashing process a deficit
in the required ash for XRF could occuhelminimum amount of ash required for XRF
analysiswas stated aa guideline 00.5g howeverthe XRF resolution allowed samples to

be run with 0.1g of ash and ftirose samples that did not meet the requisite minimum

quantity the XRF analysis was still conducted with results state@ irethults chapters.
3.4.3- GasSorption Surface Area Analysis

To assess the influence of AAEMs on the reactivity of the chars generated gas sorption
surface area analysis, more commonly known as BruitamenettTeller (BET) analysis,

was employed to determine the char materialdahai surface area. This analytical

technique calculates the surface area of a material by condensing a cryogenic gas into the
pore structures, followed by quantifying the amount of gas adsorbed to the surface. Analysis
was conducted using a MicrometricSAP 2420 Accelerated Surface Area and Porosimetry

with CO; as the cryogenic gadn ice and water bath was used to cool the sample tubes to
0°C.

CO2 was absorbed on to the material surface at multiple absolute partial pressures with
amount of CO2 presebeing measured at each stage. The partial pressure is reduced

throughout the process allowing for desorption between each stage.
3.4.4- Optical Microscopy

Alongside the use of gas sorption analysis a form of optical microscopy was employed to
relate changes ithe size, dimension and structure of the char particles to changes in the char

reactivity. The type of system used was an automated optical micrabedpeoduced a
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large mosaic imagelimensions 30 by 30 frames, to be scanned and analysed to provide

sani quantifiable information.

DTF chars were mounted in epoxy resin bocks, left to haaddrthen polished to provide a
cross sectional view of the internal and external char wall strucfitiesnachine used to
polish the blocks was a struers automataltsper that used water to dose the polisher for the

grinding stages and a colloidal silica solution for polishing.

A Zeiss Imager 2 microscope with a 50x oil immersion lens, with a further internal 10x lens,
was used to capture the optical images ofktraplesat 500x magnificationThe stage was
computer operated enabling a compgsitgh-resolutionmosaic image of the block to be

formed witheach image represented by 1340040 pixels.

The images were analysed usmganual techniqudhe manual ggroach requires the
image to be angsed by an automated point counter, with each particle identified being

classed by thdescriptive categories laid out in ICCP char affde descriptive classes are;

Tenuiphere
Crassiphere
Tenuiretwork
Crassietwak
Solid

Fusinoids

=A =4 =4 =4 -4 -4 4

Raw material (biomass or coal)

Data was collected at set distanaesoss the image counting particles until the total particles
analyseds between 250 500, depending on the population density of the imaese
descriptive classemre subsections of higher classifications that provide an indication as to

the combustiotehaviourof the materialthick walled, thin walled and solids
3.5- Flame Ignition Study
To visualise the effects of synergy throughout thdirwag process a flame mtion

experiment was undertaken. Using a specialised rig and a high speed camera, the impact of
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biomass on the unreactive cigmition processvas capturedrhis workfollowed closely to
thatconducted bythers at the University of Nottinghathus usig similar experimental

conditions and apparat{Sarroza et al., 201Bai et al., 201y
3.5.1- Visual Drop Tube Furnace (VDTF)

A modified DTF, the VDTF uses a quartz work tube and an inbuilt viewing port to allow
images to be captured of the combustion process. The quartz wotianibe55mm
diameterand was of length 1000 mm. The viewing port consisted of dimensi@ns&soby
30 mm and was located in the rgdction of the furnace. Unlike the DTF, the VDTF had
one heating element, therefore its operating temperature wasC.Olte test runs consisted
of 2 g sampleghatwere manually fed into the system throughatavcooled feeder probe
with air as a carriefThe flow of the carrier gas was set to 5 L/min with the vacuum pump
system set to 6 L/min to ensure removal of the combustion produsthematic of the
VDTF is displayed in Figure-3.

1 50mm
‘Water-Cooled

Heating Feeder Probe

Element

Viewing
Window

1200m o Mercury
o HERMES

530mm 560mm

Water-Cooled

Collector Probe

Figure 3-4 Schematic of VDTF (Amended from Sarroza et al, 2017)
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3.5.2- High Speed Camera

The high speed camera used wasesicury HERMES. The camera was setup to capture only
the viewing port of the VDTF with a reference point of eqirgsetto 10 mm into this
recording zone. Theddeoimages were captured at 400 frames per second over a 10 second

period with a resolutionf 1200x 224pixels.
3.5.3- Image Analysis

The images were analysed usargautomated MATLAB prograniat identified péicles
that had undergone ignition in each frame of the video, calculated the pixel distance from
each particle to the entrance of the furnace and transformed the pixel distance into a

quantifiable measurement unit, mm.

The images underwent the followipgocedure to provide informatiomahanges to the
ignition point:
1 Transformation ofimage from colour into greyscale imadeto 255
1 Threshold imagé¢o create binary imagsith background set t0 and ignited
particles defined as those above 89
1 Followingbinary image creatiomarticle edge detection used to deternueetral
point of each particle
1 The dstance fom thecentral poinbf each particleo thefeeder probe entry
determined
1 Pixel distance converted to quantifiable measurement unit, usimgmeéepoint

within image
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Chapter 4 Investigation into Impact of Heating Ramp Rate

during Pyrolysis of Co-fired Blends

4.1- Approach

To determine the impact of biomassfiaing on the burrout of unreactive coal chaithe
effectthat the biomass may have on the vigamatter (VM) yield during pyrolysis must be
investigated first. If the VM content is influenced by the presence of biomass during the char
generation process it may explain later influences that are seen on the chautburn
performanceln previous stuigs into cefiring pyrolysis there have been occurrences of
synergistic effects reportd&arow et al., 201Band in other studies no effects were seen,
therefore this chapter will investigate whether the heating ramp rate that is used during

pyrolysis is the key variable in causing these effects.

The first stage of this investigation was avglheating studpf blended biomass and coal
samples on a 50% coal weightinging a TGA and a ramp rate of %D. Following on from

this, alimited test matrix underwent intermediate heating ramp rates, in a TGA, to ascertain
whether synergistic effect®uld be observed in lab conditiofsnally, char was generated
using a DTF, with fast heating ramp rates, and VM yield contents were calculatethesing
ash results frorthe slow heating ramp rate baselibabelling throughout this chapter for
blends aly presents the first number from the particle size range of that material used in the
mixture, for example the 7850 um wood blended with the &% pum South African coal is

labelled as WSA 75/53.
4.2- Experimental Error

During the completion of this chapte large matrix of experimental testing was planned and
undertaken. The main body of this work was completed using the DTF and a smaller portion
of the testing accomplished using the HBBth experimental procedures had associated

errors for the apparatitand humaareas that included;
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1 Temperature control fluctuations

1 Gas flow fluctuations

1 Manual fed rate

1 Manual sample weighing and mixing of sample

1 Inhomogeneity of fuels

The first two associated test errors are both apparatus errors that are inhenenhevith
testing facilities. Both the DTF and HTF systems are controlled by programable thermal
control units supplying electric current to carbide heating rods that produce heat through
electric resistance. The temperature on both furnace types couldfeudturing testing

based on the external environment and current supplied, however the effect of this
fluctuation upon testing would be minimal due to the heat transfer times that the setups

operatewith.

The second apparatus error could have a gredést efoon results producesingboth

furnace types auctuationsin gas flow or a change in the composition mixture could
dramatically alter the results. If the gas flow was too high the particle could be pushed or
pulled through the thermal systemgjgtchanging the time that the particle would be
exposed to the designated testing temperatiws not producing comparable chars. In
addition, if the gas composition was not set correctly a devolitasation environment could
become oxygenated and the pae$ could undergo combustion. To mitigate both forms of
gas error analogue flow meters were used to control and monitor the flows of gas into the

furnace equipment throughout the testing procedure.

The human error associated with using the DTF was cduystia manual feeding employed
during this project. As discussed previously, the biomass fuels caused severe blockages
within the automated screw feeding system, therefore all samples were manual fed to ensure
testing continuity. This approach led to dmatform of continuity issue regarding the sped at
which the material was manually fed. If the material was fed too fast it could become

blocked within the DTF entrance force material to fall at a rate exceeding the gravimetric
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rate assumed during resitte time calculations. In addition, by forcing material down at a
increased rate particles could be shielded from the desired thermal conversion environment,
therefore altering the test results. To mitigate this error the researcher ensured all feeding
was conducted by himself using a pacing technigue that mimicked the rate of the automated

screw feeding system.

The largest human error associated with this experimental program was the manual weighing
and mixing of samples during blending of the mixtutethe ratio of a mixture was

incorrect during the weighing stage of sample preparation this error would be carried

forward throughout the rest of the experimental work. To mitigate this effect all weighing

was conducted on foyooint balances to ensurestmixtures were as close to the desired

blend ratio as possible. Following the weighing of the constituent parts of the blended
samples, the mixing process was also an area where large error could occur if care was not

taken This erromwould alsocarry through to the remaining analytic tests.

If mixing was not thorough the blends could proceed through testing as sequential separate
fuels or if not enough care was taken material could be lost, therefore effecting the ratio that
had been recorded during thwveighing phase. For certain fuel blends these issues were

harder to mitigate then others due to the difference in associated volume caused by
gravimetric density variation. Bag and W had such issues due to thailelasity nature

requiring the volume afnaterial for testing to be larger than the coal to be blended with.

With this increased volume came more chances to lose material during testing as the vessels
used for mixing had less spare capacity within them and more vigorous mixing was required

to engire diffusion of the coal through the biomass material.

Finally, the inherent error found within the individual fuels played a large part on the
variation observed throughout testing. As seen during Chapter 3 large variation can occur
within a fuel regarihg its fuel components, mineral analysis and elemental analysis. To
capture representative data all testing was conducted in triplicate to provide as accurate

results as possible whilst allowing a broad range of testing to be completed.
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4.3- TGA Slow Heating

Experimentally the slow heating study used the proximate analysis style TGA methodology
described in subsection 3.2vth a heating ramp rate of 3G¢/minto provide the fuel
components of the parent fuels and blended samidédes 31 and 34, in sulsection 3.1,
present the characteristiobthe individual parent fuelsyhilst Table 41 and Table 4 lists

the characteristics of the blended samples. The ash contents fahaddrfuel component
tables were usei calculate the VM yields of the fastditing charen subsection 4.4.fe

VM contents in the tablesere compared for synergistic observations in the slow heating

experimentsgraphcally represented in Figuresl4to 43.
01 QQQoDd Q' 6 ¢ dd ™ 6 Q¢ dabi Equation 4.1
To ascertain whether an effect was being obsenmediced VM content was calculated
using Equation 4.1n the equationCoal VMis the VM content of the parent dassed in
the blend andiomass VMs the VM content of the parent biomass, on a dry ash free basis

(daf%). This formula assumes an additive relationship between the two distinct fuel types

ard no catalytic effect occurring

Table 4-1 Proximate Analysis ofBlended SA Coal with Biomass, Slow Heating Ramp Rates

Sample (um)  Ash(db %) FC(daf%) VM (daf%) Predicted VM (daf %)

W:SA (75/53 10.6 41.3 587 57.8
W:SA (150/53 8.0 41.2 58.8 57.5

W:SA (75/75 9.3 41.1 58.9 57.9
Bag:SA (75/53 18.1 42.9 57.1 58.9
Bag:SA (150/53 11.4 41.2 58.8 58.1
Bag:SA (75/75 18.4 42.7 57.4 59.0
OC:SA (75/53 14.8 45.8 54.2 53.3
OC:SA (150/53 13.8 48.0 52.0 53.5
OC:SA (75/75 12.1 44.6 55.4 53.3
Euc:SA (75/53 11.0 41.3 58.7 57.3
Euc:SA (150/53 8.4 41.2 58.8 57.3
Euc:SA (75/75 8.7 41.4 58.6 57.3

68



Mis:SA (75/53 12.6 47.6 52.4 54.2

Mis:SA (150/53 12.8 46.7 53.3 54.2
Mis:SA (75/79 12.9 45.6 54.5 54.2
Z:SA (75/53 9.6 43.7 56.3 54.6
Z:SA (150/53 10.1 44.4 55.6 540
Z:SA (7579 9.3 43.1 56.9 54.7

The SA coal blended with the biomass spedigsiled in Table 4, shows no significant
variation between the observed VM content and the predicted Faduees4-1 and4-2

show a graphical comparison of the \dldw heating interaction®verall, it can be seen

that there are only slight difference between the experimental and predicted values. This
difference can be attributed naturalvariation in the biomass fuel and experimental error,
caused by the weighing antxing proceduresThereforeno synergistic effects were

observed undes0 °C/min heating rate conditions, with particle size havingphwious

impact. This is consistent with previously reported findings where no changes to combustion
properties of cdired blends were founat slow heating condition®. K. Sadhukhan,

2009.

Within Figure 41 a significant variatonis shown on the experimental results for the ®al
whenblended withBag. This was caused by the need to lealsgge volume ofaw bagasse
in the sampleruciblewith respect to the sample pan volurhis large volume was
required to make the samplp to the 50:50 weight ratios due to Bagsamples low
density. This quantity of sampie believed tastop efficient gas diffusion throughotite
blended mixturepartially disrupting the devolatisation and bawrt processes dhesestest

runs.
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Table 42 lists the fuel composition of the Welsh coal blended with the W, OC and Bag
biomass species undergoing the proximate analysis test at a heating ramp ra@&nfrs0
whilst Figure 43 graphically represents the VM slow heating interactidsobserved

between the SA blended samples, there is strong correlation between the calculated and
experimentally determined results of the Welsh blends suggesting further evidence that no

synergetic effects were created at this slow heating ramp rate.

Oveall, a larger variatioran be seen in Figure3ifor theWelsh coal study than seen
during theSA investigation This is likely to be due to increased experimeetedr, in part
caused byhis being theoreliminary studythereforeghe weighing and mixig process was in
the development stage. Two results lie beyond the experimental error determined for the
tests, OC and Bag 18D0em partcle sizes blended with the &% em Welsh coalThis is
believed to be due to a mixture of natural variation andistent increased experimental

error on those sample tests.

Table 4-2 Proximate Analysis of BlendedWelsh Coal with Biomass, Slow Heating Ramp Rates

Sample (um) Ash (db %) FC (daf %) VM (daf %) Predicted VM
(daf %)
W:Welsh (75/53 7.1 47.2 52.8 51.4
W:Welsh (150/53 1.5 49.8 50.2 50.7
W:Welsh (75/79 4.8 44.8 55.2 51.3
OC:Welsh (75/53 12.7 48.7 51.3 46.8
OC:Welsh (150/53 12.7 43.7 56.3 46.4
OC:Welsh (75/75 12.6 53.8 46.2 46.6
Bag:Welsh(75/53 13.5 456 54.4 52.4
Bag:Welsh(150/53 10.1 54.2 45.8 51.5
Bag:Welsh (75/75 13.9 50.0 50.0 52.3
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4.4- TGA Intermediate Heating Ramp Rate

As no effects were experienced under slow hgatamp rate limited test matrix was
subjected to thproximate analysis gie TGA methodologyt two highetheating ramp rate
conditions The firstcondition wasa controlled 500C/min ramp rate and treecond

condition was an unboundéeating rate that raised the temperature of the furnace
uncontrollably, calculated in excess2000°C/min. Due to the difference in TGA sample
holder used for the intermediate heating ramp rate, a flat bottom pan compared to a high
walled crucible for slow heating study, experimental error does not take in to attewunt

increasedsariability that may be presedue to lost material as samfiliends werdoaded.

Table 43 compares the VM content determined through experiments of the raw parent fuels.
For this study only one coal type was used and one size fraction of each fuel typeirb3

for the SA coal and 15800um for the biomass species. These size fractions were chosen as
they showed thiaighestvariationunder slow heating conditions during the Welsh study,

which if not caused by error than would suggest synergistic effemtshe bomass species

it can be seen that with increasing ramp rates an increase in the productiorcohiét
occurs.Between 50C/min and 500°C/min the largest increase is observedi%8, whilst

from 500°C/minto 2000°C/min the increase is around 1286. (al does not experience a

significant increase as heating rate increases, with an overall 8l§8%

Table 4-3 Proximate Analysis ofParent Fuels Varying TGA Heating Ramp Rates

Sample (um) VM 50 °C (daf %) VM 500 °C (daf %) VM 2000 °C (daf %)

SA (5375 30.0 30.1 30.6
W (150-300) 84.4 87.7 895
Bag (150-300) 86.1 90.8 92.1
OC (150-300) 75.8 79.0 80.5
Euc (150-300) 84.6 88.6 89.6
Mis (150-300) 78.4 81.0 82.5
Z (150-300) 78.6 82.5 84.4
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As the partict size fractions tested for the parent fuels were restricted to one classification
for this study, s@nly one size fraction mixturpreparedThe prepared mixture was that
containing tle 150-300um biomass with 535 um SA coal. Under these intermediate
heating conditions no synergistic effeoccur as detailed in Tableddand grahically
represented in Figure4l The predicted values in Tableddhave been calculated using the

same principle as described in subsection 4.2 using Equation 4.1.

Table 4-4 Proximate Analysis of BlendedSamples Varying TGA Heating Ramp Rates

Sample (um) VM 50 °C (daf %) VM 500 °C (daf %) VM 2000 °C (daf %)
Observed Predicted Observed Predicted Observed Predicted

W:SA (150/53 58.8 57.5 62.5 58.8 62.7 60.2
Bag:SA(150/53 58.8 58.1 62.6 60.5 63.2 61.4
OC:SA (150/53 52.0 53.5 56.2 54.5 57.0 55.7
Euc:SA (150/53 58.8 57.3 60.8 59.3 61.6 60.3
Mis:SA (150/53 53.3 54.2 57.5 55.4 58.3 56.5
Z:SA (150/53 55.6 54.0 58.7 56.5 602 57.6

As was seen during the previous slow heating study there is strong correlation between the
calculated and experimentally determined results, providing further evidence that under TGA
conditions pyrolysis synergistic effects did not occur. The aszd VM content of the

parent fuels as heating ramp rates increased was mirrored in the blended results, with all
observed results falling between the experimental errors. The closest to showing evidence of
an effect was the W/SA blend at 5@ but it isbelieved this increase was caused by

weighing errors as the effect reduced at 2O
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4.5- DTF Fast Heating

The investigation intavhether heating ramp rate has an effect on the production diagV
shown no pyrolysis synergistic effects were observe@usidw and intermediate TGA
conditions. The next stage was to conduct a fast heating rangiudyeising the DTF to
generate char sampleBetails of the DTF setup and the VM analysis technique can be found
in subsection 3.3..he VM yield analysis tdmique requird the ash content of the sample

obtained under slow heating conditions to provide a ratio against the DTF chars ash content.

During this DTF study a particle temperature of 13D@vas employed for particle residence
times of 200 ms and 600sn5tarting blends were made on a 50% coal weighting, with later
testing changing the coal loadifgetween 25% and 90% further develop an

undersandng of any synergistic effect3he prediction method for the comparable VM

yield is calculated usinghé same process as in the previous studies, using Equation 4.1.
Once again this is assuming an additive relationseipveen the two distinct fuel types and
no catalytic effect occurring. When the coal loading chanigisdd accommodated within

the ejuation, Equation 4.1by replacing the 0.&eightingconstant with the appropriate

percentage weighting for each fuel.

Within the figures detailing the results of this work dae®gmentsire added to the

prediction VM yields to represent error in the prédit. The darker region is the area

between an ideal system at the top and the flawed system at the ddteoanror is due to

the assumption that the char has equal influence from the parent fuels chars, however based
on the DTF collection rates thesaimption is flawedAs the collection rate of a sample
increases its associated calculated VM yield produces a higher value, therefore the VM vyield
may be skewed unfairly towards the material with a lower collection rate, in this case the
biomassThe highcollection rates of the coal char compared to the low rates of the biomass
would suggest that any predictibas been shifted towards the biomasss an additional

10% coal influence has besunbtractedn the form of these dagk segmentsThis 10%
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represents an associated error that cannot be measured by is not used during comparison of

results.

4.5.1- 200 ms Residence Time

Figures4-5 and 46 relate to biomass species blendechwiite SA coal, whilst Figure-4
depicts the results determined for the Welsll btendsTables 45 and 46 detail the VM
yields and percentage difference to the predicted yields for the SA and Welsh coal blends

respectively.

Table 4-5 Comparison of VM Yield of SA and Biomass Blend Ches Generated at 1300C for
200 ms in DTF, on 50% Weight Basis

S e () VM Yield Predicted Difference
ample m
P (daf%) (daf%)
W:SA (75/53 68.7 49
W:SA (150/53 72.8 6.2
W:SA (75/75 68.9 5.0
Bag:SA (75/53 66.0 1.0
Bag:SA (150/53 71.7 5.6
Bag:SA (75/79 65.4 0.4
OC:SA (75/53 60.2 -0.8
OC:SA (150/53 61.0 34
OC:SA (75/7H 63.1 2.1
Euc:SA (75/53 69.2 11.7
Euc:SA (150/53 63.5 2.7
Euc:SA (75/79 66.2 8.7
Mis:SA (75/53 63.0 -1.4
Mis:SA (150/53 63.1 3.0
Mis:SA (75/79H 63.8 -0.5
Z:SA (75/53 67.1 8.9
Z:SA (150/53 61.1 8.8
Z:SA (75/79 61.1 2.9

Within Table4-5 significant increases in VM vyield are observed for all the particle size

blends of the W species, ~5% for the twelB®pm blends and 6.2% for the 1300 um.

78



In addition, the OC and Beblends containing 15800 um have significant increases of
3.4% and 5.6% respectively. The-¥50 size fraction blends for these biomass species show

no significant shift once sample variation and experimental eroansidered

Significant increasesceoss all particle sizklends are depicted in Figures4or the Euc and
Z blended samples, in excess of 8% for thd38um blends, whilst Mis displays the same

behaviour as OC, with a 3% increase on the3@Dum blend.
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Table 4-6 Comparison of VM Yield of Welshand Biomass Blend Chars Generated at 1300 oC
for 200 ms in DTF, on 50% Weight Basis

VM Yield Predicted Difference
Sample (am)
(daf%) (daf%)
W:Welsh (75/53 77.8 12.4
W:Welsh (150/53 73.4 5.3
W:Welsh (75/79 84.4 15.0
OC:Welsh (75/53 61.6 -4.9
OC:Welsh (150/53 60.3 -7.3
OC:Welsh (75/79 60.9 -9.7
Bag:Welsh(75/53 71.1 8.6
Bag:Welsh(150/53 71.3 12.1
Bag:Welsh(75/79 77.6 11.0

The findings within Table 46 and Figure 4 support theevidenceof synergistidncreases of
VM vyield during pyrolysisshown in the SA coal 200 ms teststthe presence of W spesie

at fast heating ramp ratdse Welsh blends also experienced significant increases in the VM
yields produced. laddtion, in the case of the Welsh coal, Bag blends produced large
increases in the VM yields. Howevén disagreement with that seen during the SA results,

the OC blends produced decreased yields, suggesting a preference for char formation.

Both the W, Eu@nd Z species would be considered low ash species, whilst the OC and Mis
would be called high ash. Bag hagremely high ash levels witvery low density therefore

it does not fall in to either groupinghe results from th200 ms studies would suggdisat

the low ash biomass species were able to promote a reaction between the biomass and coal
that favoured the formation of VM from the coal. The high ash speciesiairaal to no
effectwhen blended with the SA coal, but seem to favour the formatiohasfwhen

blended with the Welsh coal sample. The Bag species would seem to behave in the opposite
manner to the high ash samples, by hawgimalto no effect with the SA coal but a

significant preference fancreased/M yield production when blendadith the Welsh.
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4.5.2- 600 ms Residence Time

Table 47 details a comparison between the parent fuels VM yields produced at 200 ms and
600ms. Undeiincreased residence time thiemasduels found VM yields increased,
suggesting that the longer resideriogetwas neeellto achieve peak devolatisatiorhe

tests containinggag and Euc biomass samples waoefinished for th&00 ms and have

thus been left out of the analysis.

Within Table 47 it is shown that all the fuels have differences between thielpasizes VM

yields under 200 ms conditions, most noticeably between the Z size fractions, 12%. Z, OC
and W species see this variation between particle size diminish at 600 ms, with Mis the only
fuel still with a significant difference of 69%\s this gap diminishes at the longer residence
time this wouldindicatethatat 200 ms the fuels did not have enough time to fully desdati

with thelarge particle size150-300um, seeming to baffectedgreater than th@5-150um

for OC, Mis and ZThe W ancEuc species observed tlgfectin reverse that may be due to

volume issues rather thahe particle siz not devolatising as effieitly.

Table 4-7 Comparison of Parent Fuel VM Yield at 200 ms and 600 ms in DTF at 130C

S e (um) 200 ms VM Yield 600 ms VM Yield
ample (um
bie tH (daf%) (daf%)
SA (53-75) 38.8 39.1
SA (75150 39.6 40.0
W (75-150 87.8 96.5
W (150-300 93.2 96.7
Bag (75150 90.0 N/A
Bag (150300 92.3 N/A
OC (75150 82.0 87.9
OC (150300 75.3 87.8
Euc (75150 75.0 N/A
Euc (150300 81.5 N/A
Mis (75-150 88.7 89.6
Mis (150-300 80.0 83.6
Z (75150 76.5 93.3
Z (150-300 64.5 92.3
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The results of the VM yields of the SA coal blended with the biomass species at 600 ms are
found in Table 4 and graphically represented in Figur8.4rhe 600 ms residence time

tests showed that once again the W blexlidged an increase in VM production
corroboratinghat a synergistic effect is caused by the W species. Thesaffectonce

again significantwith the 156300 um providing thdargest increase and the-I50 um

providing similar results, as seen in the 200 ms study.

Table 4-8 Comparison of VM Yield of SA and Biomass Blend Chars Generated at 130 for
600 ms in DTF, on 50% Weight Basis

s & (um) VM Yield Predicted Difference
ample (um
pie (daf %) (daf %)
W:SA (75/53 70.2 5.0
W:SA (150/53 76.8 8.9
W:SA (75/75H 71.3 5.7
OC:SA (75/53 64.5 1.0
OC:SA (150/53 63.7 0.3
OC:SA (75/7H 65.0 1.0
Mis:SA (75/53 66.0 1.7
Mis:SA (150/53 61.6 0.3
Mis:SA (75/79 60.9 -3.8
Z:SA (75/53 71.3 5.1
Z:SA (150/53 67.1 1.4
Z:SA (75/79 69.8 3.1

The 75/7%Z blend produced an increased VM yield that matched its performance at 200 ms,
whilst its blends with 55 um SA coalproduced lower percentage increattes at 200
ms. The 78150um Z blend still produced a significant increase 4#4, whilst the 156800

um wouldbe considered within error.
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The OC and Mis blends would be considered to have shown no effect except for the 75/75
Mis blend that produced a negative VM yield contribution. The 75/75 Mis blend could be
seen as a result that suggestgopensit towards char formation, however itssll within

the collection rate error discuskat the begin of this chapter.

When compared to the results observed under 200 ms residence time conditions the majority

of the 600 ms blends have increased in VM potidn

Further evidence is shown by the 600 ms results that the quantity of biomass ash inherent in
the biomass species is a key factor to the impact of synergistic effectestiieshow that

the ash groupings discussed in the 200 ms study follovathe pattern with increased
residence time. Ae low ash biomass species were able to promote a reaction between the
biomass and coal that favoured the formation of VM from the edilst the high ash

species haveninimal to no effectThough the effect nyahave diminished as the VM yields
progress towards their peaks, it can still be seen that an effect is caused by the W and Z

species.
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4.5.3- Impact of Varying Coal Loading

With evidence of synergisteffects being observed labth residence times when sangple
underwent fast heating ramp rates, on a 50% coal weighting, a deeper understanding of the
extent of these effects was sought. The extent of the biomass influence was to be tested by
shifting the weight of the coal loading within the blend samples. Ceighivloadings of

25%, 75% and 90% were carried out at a 200 ms residence time. To calculate the VM yields
of these samples further slow heating tests had to be conducted to provide an ash content.
The ash was produced using the ashing method used inrtbemhmatter quantification,

described in subsection 3.2.3.

The SA coal was blended with the W, Bag and OC speciggor this study to reductne

test matrix. These samples were chosen as ttwered the synergistic effects range seen

during the prewus tests andiere deemed to be of industrial relevance. Talledétails the

VM yields and the difference from the predicted yield for the varying coal weight loadings,
whilst Figure 49 representing the data graphically. Two tests are missing fronathaets,

both of 25% coal weight. These tests, W 75/75 and Bag 150/53, were unable to be completed

in the project timescale.

Table 4-9 Comparison of VM Yield of SA and Biomass BlendChars Generated at 1300C for
200 ms in DTF, on VaryingWeight Basis

90% 75% 50% 25%

VM Diff VM Dif VM Diff VM _ Diff
(daf%) (dafos) (daf%) (daf%) (daf%) (daf%) (daf%e) (daf%)

W:SA (75/53 431 -06 579 68 687 49 800 45
W:SA (150/53 431 -1.1 460 -64 728 62 81 25

W:SA (75/79 441 -03 541 25 689 50 NA  NA
Bag:SA(75/53 400 -39 530 14 660 10 885 11.3
Bag:SA(150/53 39.0 51 643 122 717 56 NA  N/A
Bag:SA(75/79 366 80 607 85 654 04 865 9.1
OC:SA(75/53 428 03 528 32 602 -08 755 44
OC:SA(150/53 440 15 501 21 610 34 691 29
OC:SA(75/79 422 -16 646 144 631 21 642 72

Sample (um)
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At 90% coal loadings both W and OC shminimal to nodifference between the predicted
value and the experimentally determinedue This would suggest that at such high coal
loadings the coal characteristics dominate and produce char that reflects an additive
relationship. On the other hand, Bag at this coal loading produces significantly lower than
expected VM yields. This maye due to thextremelyhigh ash content of the Bag, which

has been shown to propagate char form&liod. Jones, 2007

At 75% coal loadings the majority of the blends are producing an increased VM yield, with
the exception of W blend 150/53 that produced a negative influence. This would suggest that
25%biomass would be enough in many cases to provide a synergistic effect for increased
VM yield. Bag has two significantly imeased blends, 150/53 and 75/75, whilst W shows a
large increase in its 75/53 bleriche OC 75/75blendexpeaiences a significant arease at

75% coal loading to 64%M. Looking at this blends results at 50% and 25% coal loadings

the VM yield seem$o beatits peak.

At 25% coal loading Bag shows further significant increases in VM yield, whilst W and OC
blends show smaller increases the 5375 um SA blends. As stated previously the OC
75/75 seems to peak at 64% VM yield at a higher coal loading, therefore its difference is
negative in comparisoithis would suggest the OC reaches an equilibrium between char
formation and VM produatin, with a range wide enough to cover from 25% to 75% coal

loading.

89



siseg ybiaM\ BuikreA yum 41a ul sw 00z 10} DPOET Te DO pue Beg ‘M yum papus|g VS Jo uosiredwoD PIalA Jale 3[1ne|oA 6-7 ai1nbiH

>
A o o o2 o PR _ & .
. 3 5 & & & @ &
v /nu( /Onv /nu( /mu( /Ono /nu(

UONOIPald [80)) %06 M  [BUOWILIAX] [60) %06 E  UONIIPaI] [B0D) %G/ @  [ENQWILIAXH [E0D) %G/ M
TONOTPa1] [80) %0S M  [PIPWILIX [20) 00S W UONIIPAIJ [B0) %G7 M  [BIUSTLIAAXT [20) %S 7 M

=]

=]

I

=

T

=

£

=

¥

=

¢

=

9

(%aJep) PIAIA TONBIN J[UE[OA

f=4

L

=

3

001

90



4.6- Conclusions

1 TGA studies of blended biomass and coal species at slow and intermediate heating
ramp rates produced no evidence of synergistic effieqtacting VM content

1 Synergisticeffects were observed at fémating ramp ratest both 200 ms and 600
ms residence timdsr low ash samples, such as W, Euc and Z, with a 50% coal
weighting

1 Atvaried coal loadings W provided a consistent VM yield increase across all coal
loadings angbarticle size fraction blends. Loadings included 25%, 50%, 75% and
90%.

I Bag provided a significant increase at 25% and 75% loadings, with diminished
effects at 50%, for all particle size fraction blends

1 OC provided a moderate increase across the coahgsadihen blended with 58
em SA, whilst when blended with a matchin
reached by 25% coal loading.

1 90% coal loadings of blended samples resemble the SA coal characteristics
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Chapter 5 Char Reactivity Synergistic EffectStudy

5.1- Approach

After generating char samples offied blends at various thermal conversion conditions

and at varying coal weight loadings, an investigation was undertaken to assess the extent of
any synergistic effects that may have changed the combustion itgauftisaid samples. A
samples reactivity wagssessedsing two experimentally quantified comparable parameters.
The first parameter was the time taken for 90% of the chars fixed carbon to complete
combustion, T90, and the second wasappearent first aterrate constaréissociated with

the 90% burrout, k25 Both of these parameters were measured between 5% and 95% char
conversiorto mitigate the tail end effects. Testingctculatethese parameters consisted of

using the char reactivity methodologgsttribed in subsection 3.4.1.

Additional analysis could have been conducteddquire aractivation energy required

using the Arrhenius equatiotinrough further burout tests at varying isothermadnditions
However, due tohe quantity of samples arttie kength of test& was not possible to
complete this testing during the project timescale. Butrwas conducted at 526 because
of the focus on the effects on the coal char fmurnperformance. This temperature provided
a timeframe for coal buraut that could easily assess whether synergistic effects had
increased the reactivity of the blended ch@nsthe other hanthis temperature was above
the optimal comparative temgeaure for biomass and thpsovided smallvariationbetween
several of te biomasschar samplesDuring testing sampldhatdid not complete

combustion within thésothermall80 minutes had an extended perinidied to retest.

5.2- Generation of Slow Heating Charthrough Horizontal Tube

Furnace (HTF)

In Chapter 4 it was shown thad synergistic effect relating to an increas&M content
occurred when blended coal and biomass samples underwent pyrolysis at slow or
intermediate heating ramp rates in a T@Aimitation of laboratoryscale testing using a
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TGA is the small quantity afample thattiis possible to analysat one time. As such, this
technique is impractical to produce sufficient quantities of char material for further analysis.
Therefore, an alternative char generation technique was necessary to provide slow heating

cha for comparison with that produced from DTF testing.

Previous studies have employed the use of HTF technologies to produce TGA representative
char and thus this was the option takearrow, 2013 The experimental details used to

produce TGA representative char &talled in subsection 3.3.2. Slow heating char was
prepared for SA coal and three biomass species. These biomass species, Bag, OC and W,
were then blended with the SA coal on a 50% coal weight basisthréeemixturesize

fraction blends used in the preus work.

Table 51 provides the relative T90 and apparent first order reaction rate$pkthe parent
fuels, whilst Table 2 details the same parameters for the blended samples. Mass yields for
the loss of material during pyrolysis and retainedarial matched that of the TGA tests on

an as fired basig:rom the individual fuels seval general trends can be seen:

1 Decreased reactivity for the larger particle size fractammspared to the same
fuels smaller particle size fraction
1 Biomass have sigficant difference between species with reactivity order being

OC > W > Bag

Table 5-1 Comparison of the Char Reactivity of Parent Fuel Char Generated in HTF at 856C

Sample €m) T90 (mins) Ksas (1)
Bag (150-300) 26.45 0.160
Bag (75-150) 16.09 0.189
OC (150-300 5.66 0.531
OC (75-150) 4.69 0.598
SA (5375 78.14 0.037
SA (75150 95.56 0.034
W (150-300) 11.35 0.254
W (75-150) 8.02 0.358
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Table 5-2 Comparison of the Char Reactivity ofSA BlendedChar Generated in HTF at 850 oC

Sample €m) T90 (mins) Ksas (s1)
SA:Bag (53-75:150:300) 68.90 0.043
SA:Bag(53-75:75150 77.48 0.042
SA:Bag (75-150:75150) 81.62 0.036
SA:OC (53-75:156:300 13.51 0.232
SA:OC (537575150 10.28 0.314
SA:0C (75-150:75150) 17.96 0.175
SAW (53-75:156:300) 74.45 0.045
SA:W (53-75:75150 77.87 0.045
SAW (75-150:75150 97.97 0.029

From Table 2 it can be seen that the Bag and W samples have similar interactions with the
SA coal materiglproviding long burrout times and low reaction rate constasisiilar to

that of the SA coal chafhisis evidenceahat no synergistic influence has been provided by

these biomass species during the devolatisation and subsequent combustion process. The OC
blends however suggest that a significant synergistic dfeecinfluenced the char reactiyity

with short T90 times and an order of magnitude larger apparent first order rate constant

compared against the SA char

Normalised carbon buraut curves of the SA and W blends and SA and OC blends are
shown in Figures and 52 respectively. In both figures the black and gresves

represent the coal material fractions whilst the biomass fuel fractions are represented by
green shades. The blends are represented by red for the 75/53 samples, blue for the 150/53
sampleand orange for the 75/75 sample. This colour scheme has been adhleredgoout

this chapter for continuity purposes.

The graphical representations further illustrate the argument of no synergistic effect for the
W species blends and significant in@esuin reactivity for the OC blends.Higure 51, the
blends lay close to thepal burnout profiles, whildtigure 52 showsthe blend curves have

experienced a large shifted towards the OC. Both sets of blends do not sthogstep
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profile, meaninghe separate materials within the char would appear to have burnt

uniformly.

—HTF SA 75-150

——HTF SA 53-75

——HTF W 150-300

——HTF W 75-150

—HTF SA:W 53-75:75-150

——HTF SA:W 53-75:150-300

Normalised Carbon Burn-out (wt%)

HTF SA:W 75-150:75-150

0 20 40 60 80 100 120 140 160
Time (mins)

Figure 5-1 Char Burn -out Comparison of SAand W Blends Generated at 850C in HTF, on a
50% Weight Basis
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Figure 5-2 Char Burn-out Comparison of SA and OC Blends Generated é&850°C in HTF, on a
50% Weight Basis
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5.3- Drop Tube Furnace (DTF) Trials 200ms
After providing evidence that synergistic effects occurred for several of the low ashdsio
species blends during Chapter 4, the 200 ms chars were to be investigate to observe the
impactthis may have caused on their combustion performance. All chars produced with a

200 msresidence timeveresubjected to the char reactivity methodology usesection 5.2.

For the DTF chars produced with 200 ms residence times the reactivity parameters for the
paren fuels are detailed in Table®and Table & provides results on the blended samples.

The parent fuel results provide the following genenextds

I Biomass species T90 below 90 seconds, apart from Bag at 7 minutes
1 Biomass species first order rate constant two orders of magnitude greater than

HTF

1 SA coal char less reactitieanwhen produced undétTF conditions

Table 5-3 Char Burn -out Characteristics for Parent Fuels Generated at 1308C for 200ms in

DTF
Sampl e ( T90 (mins) Kszs (s1)
Bag (150-300) 6.40 0.487
Bag (75150 7.27 0.361
Euc (150300 0.87 3.654
Euc (75150 0.39 7.949
Mis (150-300 1.13 3.385
Mis (75-150) 0.81 4.289
OC (150-300 0.95 3.684
OC (75150 0.57 5.681
SA (53-75) 134.02 0.022
SA (75-150) 116.96 0.027
W (150300 1.02 3.369
W (75-150) 0.96 3.580
Z (150:300) 2.35 2.304
Z (75-150) 0.95 3.650
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The results of the blended samples char reactivity tests followed the two grdugmgsh
samples and low ash samplisjnd in Chapter 4vith reversed effects'he low ash samples
that did not show improved reactivity, suggesting no interaction ocguamnelcthe high ash
samplegreatly improved the char combustion performance. Bag in this testing showed
behaviour similar to thioew ash samplethat observedo synergistic effect. Both the high

ash samples increased the apparent first order rate constant significantly across all particle

size blends, with reactivity series following 75/53 > 7547850/53.

Table 5-4 Char Burn-out Characteristics for SA and Biomass Blend€§enerated at 1300°C for
200ms in DTF, 50% Weight Basis

Sampl e (& T90(mins) Ksas (1)
SA:Bag (53-75:150300 85.63 0.036
SA:Bag (53-75:75150 70.34 0.043
SA:Bag (75150:75150 61.35 0.061
SA:Euc (5375:150300 66.87 0.043
SA:Euc (53-75:75150 71.91 0.039
SA:Euc (75150:75150 54.49 0.058
SA:Mis (53-75:156300 22.23 0.148
SA:Mis (563-75:75150 8.14 0.407
SA:Mis (75-150:75150 14.66 0.233
SA:OC (53-75:156300 15.41 0.271
SA:OC (563-75:75150 4.28 0.857
SA:OC (75-150:75150 7.99 0.563
SA:W (53-75:156:300) 82.85 0.039
SAW (53-75:75150) 103.97 0.029
SAW (75-150:75150) 84.40 0.040
SA:Z (5375:150:300) 85.78 0.057
SA:Z (53-75:75150) 41.93 0.067
SA:Z (75-150:75150 51.38 0.072

Normalised carbon buraut curves of the SA/W blends and SA®lends are shown in
Figures 53 and 54 respetively, to further illustrate the gulf in increased reactivity.
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Figure 5-3 Char Burn-out Comparison of SA and WBlends Generated at 1300C for 200ms in
DTF, on a 50% Weight Basis
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Figure 5-4 Char Burn -out Comparison of SA and OC Blends @nerated at 1300°C for 200ms in
DTF, on a 50% Weight Basis
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The dher set of 50 % coal loadirsgmplesTable 55 and Figure %, produced under fast
heating ramp rate conatins for 200 ms were those blended wWiflelshcoal. During the
pyrolysisphasesignificant shifts in the VM yields were observeden blended witlBag

and W showing increases, whilst OC produaategative effect. The effect of this increased
VM producion during devolatisation for Bag and W seems to reduce char reactivity during
combustion. The extent of which is that the T90 laglare lower than the observed
parameters for individual Welsh coal chéfhen blended with the Welsh coal, OC shows
the sane influence as it exhibited when blended with SA. Whilst it does not bring the
reactivity as close to the biomass as in the SA blends, it almosthiad/&90 time and
madethe first order rate constant comparable to that of SA coal. This effect maydec

by the promotion of char formation rather than VM production during devolatisation, thus
providinga more accessibource of combustible material to progress the combustion

process.

Table 5-5 Char Burn-out Characteristics for Welshand Biomass Blends Generated at 130C
for 200ms in DTF, 50% Weight Basis

Sample €¢m) T90 (mins) Kszs (s1)
Welsh 75150 271.96 0.011
Welsh 5375 311.53 0.009
SA:Bag 5375:150300 416.58 0.007
SA:Bag 5375:75150 410.03 0.007
SA:Bag 75150:75150 425.21 0.007
SA:0C 53-75:156:300 148.70 0.021
SA:0OC 53-75:75150 153.99 0.019
SA:0C 75150:75150 137.87 0.020
SA:W 53-75:150-300 387.72 0.007
SA:W 53-75:75150 371.18 0.032
SA:W 75-150:75150 453.34 0.006
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Figure 5-5 Char Burn-out Comparison of Welsh and BiomassBlends Generated at 1300C for
200ms in DTF, on a 50% Veight Basis

Within Figure5-5, the normalised carbon buout curves of all the Welsh and biomass

blends povide a clear distinction between the two observations made. The biomass species
blends that caused no overall effect would seem to promote alfasteyut profile in the
beginning of the test. Howevexs the test progresses the curves become shabwvihiht of

the coal and end with T90 times that are greater than the individual Welsh char. This may
suggest that the biomass burns quickly at the beginning, propagating combustion of the
easier source material in the char, before the reactions petéhisutmechanism would

seem to differ from that observed in the H3dmbustion profiles, as they seem to match the

profile of the coal species more closely.

5.4- Drop Tube Furnace (DTF) Trials 600ms

Similarly, the 600 mghars were to be investigdt® observehe impacthatdevolatisation

synergistic effects mayave had on the char reactivilyhe chars produced for @& ms
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residence timén the DTF weresubjected to the char reactivity methodology used in section

5.2.

For the DTF chars produced witlh® msresidence times the reactivity parameters for the
parent fuels are detailed Trable 56, whilstTable 57 provides results on the blended
samplesThe individual W chars are not presented in the below table as the testing on this
fuel proved problemati¢hus the blends are included but not the parent Tine.parent fuel

results prowvile the following general trends:

1 Biomassspecies still below 90 second T90

T SAcoal has as reduce®®, which in term has increaséie ks

Table 5-6 Char Burn -out Characteristics for Parent Fuels Generated at 1308C for 600ms in

DTF
Sampl e ( T90 (mins) Ksas (1)
Mis (150-300) 0.70 4.857
Mis (75150 1.02 4.606
OC (150300 0.62 5.143
OC (75150 0.58 6.690
SA (53-75) 104.37 0.028
SA (75-150) 107.66 0.029
Z (150-300) 0.85 3.523
Z (75150 1.10 3.317

The blended samples, Tabl& 5show similar trends to the ones observed from the 200 ms
char tests. The high ash samples show synergistic improvement of char reguctvigh a
reduction in the T90 and increase in the combustion rate constant. In addition, the Mis
species follows the reactivity series displayed in the 200 ms tests, 75/53 > 75/75 > 150/53,
whilst the OC blends no longer foll@ithis patterninstead, te OC follows the same

reactivity series as it exhibited when blended with Welsh coal, 75/75 > 150/53 >Ta¢53.
low ash samples do not exhibit any synergistic improvement in combustion reactivity. The
W species demonstrates a reduction in reactivity @vetpwith the individual coal char,

which W alsapreviouslyexhibitedwhen blended with Welsh coal at 200 ms. This reduction
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may be the product of the increase in VM yield during devolatisation, removing the more

combustible material that would have beesasgnt within the coal char.

Table 5-7 Char Burn-out Characteristics for SA and Biomass Blends Generated at 130G for
600ms in DTF, 50% Weight Basis

Sample (¢ T90 (mins) Ks2s (s?)
SA:Mis (53-75:1506:300) 35.66 0.093
SA:Mis (53-75:75-150 10.39 0.254
SA:Mis (75-150:75150) 12.62 0.268
SA:OC (53-75:156300 9.72 0.330
SA:0C (53-75:75150) 10.26 0.321
SA:OC (75-150:75150 6.22 0.501
SA:W (53-75:150300 172.22 0.017
SA:W (53-75:75150 175.22 0.016
SA:W (75-150:75150 172.92 0.016
SA:Z (53-75:156:300 83.01 0.035
SA:Z (53-75:75150 74.28 0.038
SA:Z (75-150:75150) 68.58 0.042

Figures 56 and 57 present the normalised carbon bout curves for the Z and OC particle
size blends generated by-fiong with the SA coal for 600 ms respectively. These further
highlight the immensity of the OC reactivity improvement in comparisith the SA coal

char and the presence of no synergistic effect when a low ash sample is usednajtbe0

SA coal blend seem to provide a uniform combustion profile throughout the test, similar in
characteristic of the SA individual chahs.general, particle size fractions do not seem to

influence the level of effect during char reactivity tests.
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Figure 5-6 Char Burn-out Comparison of SA and ZBlends Generated at 1300C for 600ms in

DTF, on a 50% weight Basis
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Figure 5-7 Char Burn-out Comparison of SA and OC Blend<zeneraed at 1300°C for 600ms in

DTF, on a 50% Weight Basis

103



5.5- DTF Trials 200ms with Varying Weight
To determine thextent of impacthat the synergistic effects of devolatisation bad
variable coal loading charshar reactivity testwere conducted able 58 details the key
char reactivity parameters for comparis®d0 and ks, whilst Figures 5-8 and 59

graphically represent the normalised carbon fmunprofiles for various coal loadings.

The major trends detailed in Table&Gae:

1 Decreasing reactiwtas coal loading increases. Zb> 50% > 75% > 90%

1 90 % coal loading has characteristics that resemble individual coal char

1 T90 of W and Bag species 90% coal loadingreater than coal char howeyiess
is comparable

1 75 % coal loading with OC proved improvement of reactivity similar to the

performance of low ash species at 50 % weight basis.

Figures 58 and 59 depict the normalised profiles of the various blends at varying coal
weight loadngs. The blend types arepresented by the colour schelaie out in section 5.2
with the different coal weightings represented by differsitéine design. 25 % has short
dashes, 50 % has a solid line, 75% consists of a dot dash dot formation and 90% has long
dashes. The W species blends slhawimal variation in combustion profiles across the coal
weightings, with blend size fractions shifting towards the right of the graph as coal loading
increases. Whereas iretlOC species figure, Figuredthere are noticeable spaces between
the 50 %, 75 % and 90 % &argroupings as the impact of synergistic effect diminishes with
increasing coal loading. Between the 25 % and 50 % groupings, the gap is smaller,
suggesting that the synergistic effects are nearingdhk effect at 50%, with lessom for
improvement pst this mixture weightinglhe effectiveness of the OC catalytic

improvement of char burnout for the 753%al loading presents a result with real world
applications. With further research at percentages between 75% and 90% coal weights, a co

firing ratio could be established for the enhancement of industrial power generation.
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Table 5-8 Char Burn-out Characteristics for SA and Biomass Blends Generated at 130C for 200ms in DTF,Varying Weight Basis

Coal Percentage 25% 50% 75% 90%

Sampl e (& T (mins)  ksxs(sY T90 (mins)  kszs(s?) T90 (mins)  kszs(sY) T90 (mins)  kszs(s?)
SA:Bag (53-75:156300 N/A N/A 70.34 0.043 149.79 0.023 127.77 0.022
SA:Bag (53-75:75150) 69.26 0.039 85.63 0.036 107.84 0.028 127.23 0.022
SA:Bag (75150:75150 61.35 0.061 102.30 0.030 145.05 0.023 93.72 0.032
SA:OC (53-75:156300 4.28 0.857 16.88 0.226 55.80 0.054 118.06 0.025
SA:OC (53-75:75150 4.00 0.887 15.41 0.271 44.20 0.071 107.74 0.030
SA:OC (75-150:75150 7.35 0.639 7.99 0.563 17.63 0.179 109.07 0.029
SA:W (53-75:150:300 79.85 0.033 103.97 0.029 104.62 0.028 127.05 0.022
SA:W (53-75:75150 79.01 0.041 82.85 0.039 118.57 0.026 126.10 0.022
SA:W (75-150:75150 69.26 0.039 84.40 0.040 93.26 0.032 93.67 0.032
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Figure 5-8 Char Burn-out Comparison of SA and W Blends @nerated at 1300C for 200ms in

DTF, on a Varying Weight Basis
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Figure 5-9 Char Burn -out Comparison d SA and OC BlendsGenerated at 130 °C for 200ms in

DTF, on a Varying Weight Basis
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5.6- Char Burn-out Comparison of Conditions

To allow for easier comparison between the diffedombustion conditions on the char
burnout performancef theindividual fuelsand the blends of Séoal with the various
biomass fuel§able 59 and Table 5L0 have been compiled frorthe data provided in
Tables5.17 5.7.

Table 5.8n section 5.5cts as a comparison between the char reactivity performance of the
chars produced wh varying loadings of coal undertaken at 1300n the DTF with a 200

ms residence time.

Table 5-9 Summary Table for Comparison of Char Burn-out Characteristics for Individual

Fuels Varying Combustion Condtions

Residence Time HTF 200 ms 600 ms
T90 T90 T90
Sampl e _ kszs (S1) _ ks2s (S . ks2s (S7)
(mins) (mins) (mins)
Bag (150-300 26.45 0.160 6.40 0.487 - -

Bag (75-150) 16.09  0.189 7.27 0.361 - -

Euc (150-300) - - 0.87 3.654 - -
Euc (75-150) - - 0.39 7.949 - -
Mis (150-300) - - 1.13 3.385 0.70 4.857
Mis (75-150) - - 0.81 4.289 1.02 4.606
OC (150-300) 5.66 0.531 0.95 3.684 0.62 5.143
OC (75-150) 4.69 0.598 0.57 5.681 0.58 6.690
SA (53-75) 7814 0037 13402 0022 10437  0.028

SA (75150 95.56 0.034 116.96 0.027 107.66 0.029
W (150300 11.35 0.254 1.02 3.369 - -

W (75150 8.02 0.358 0.96 3.580 - -
Z (150-300 - - 2.35 2.304 0.85 3.523
Z (75150 - - 0.95 3.650 1.10 3.317
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Table 5-10 Summary Table for Comparison of Char Burn-out Characteristics for SA and Biomass Blends, Varyingombustion Conditions

Residence Time HTF DTF 200 ms DTF 600 ms
Sampl e (&m T90 (mins) Ks2s (S1) T90 (mins) Ks2s (S1) T90 (mins) Kszs (S7)
SA:Bag (53-75:150300 68.90 0.043 85.63 0.036 - -
SA:Bag (53-75:75150) 77.48 0.042 70.34 0.043 - -
SA:Bag (75150:75150 81.62 0.036 61.35 0.061 - -
SA:Euc (5375:150300 - - 66.87 0.043 - -
SA:Euc (53-75:75150 - - 71.91 0.039 - -
SA:Euc (75150:75150 - - 54.49 0.058 - -
SA:Mis (53-75:156300 - - 22.23 0.148 35.66 0.093
SA:Mis (563-75:75150 - - 8.14 0.407 10.39 0.254
SA:Mis (75-150:75150 - - 14.66 0.233 12.62 0.268
SA:OC (53-75:156300 13.51 0.232 15.41 0.271 9.72 0.330
SA:OC (53-75:75150 10.28 0.314 4.28 0.857 10.26 0.321
SA:OC (75-150:75150 17.96 0.175 7.99 0.563 6.22 0.501
SA:W (53-75:150300 74.45 0.045 82.85 0.039 172.22 0.017
SA:W (53-75:75150 77.87 0.045 103.97 0.029 175.22 0.016
SA:W (75-150:75150 97.97 0.029 84.40 0.040 172.92 0.016
SA:Z (53-75:150:300 - - 85.78 0.057 83.01 0.035
SA:Z (53-75:75150) - - 41.93 0.067 74.28 0.038
SA:Z (75-150:75150 - - 51.38 0.072 68.58 0.042
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5.7- Conclusions

1 TGA representative char was produced using HTF methodologyuemestedhat
no synergistic effes were observed for W and Bag species with regard to char
reactivity. The most reacibiomassOC, did provide evidence of significant
synergetic improvement of coal char reactivity.

1 The chars produced under DTF conditions showedadhaash biomassanples
that provided a synergistic improvement to VM yield during devolatisation did not
improve char reactivityHigh ash biomassamples that showedinimalto no
improvement in VM production, exhibited significant improvements in the-butn
performancef blended samples.

T SA blended samples at 200 ms had the low ash samples and Bag show no
improvement to burout

1 SA blended high ash samples improved reactivity of chars dramatically, following
reactivity series of 75/53 > 75/75 > 150/53

1 OC blended wittWelshcoal @ 200 msshowed marked improvement in reactivity
but followed reactivity series of 75/75 > 150/53 > 75/53

i At 600 ms SA blended with low ash biomass showed no synergistic effect on
reactivity

1 High ash biomass blends at 600 ms provided large wepments in char buraut
performance and followed reactivity series of the Welsh blends at 200 ms

1 The order of reactivity rankings for variable coal loadings were as expected 25 % >
50 % >75% >90 %

T 90 % coal loadings presented characteristics of indalidoal
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Chapter 6 Impact of Devolatisation on Char Morphology

6.1- Approach

The impact of biomass on coal devolatilisation has proven that two distinct competing
mechanisms can be experienced during fast heating ramp rate conditions. In Chagtér 4

it was shown tht low ash biomass samples can give significant increaséd iyields,

whilst high ash biomass samples give rise to significant increases in the reactivity of DTF
chars. To assess whether the observed effects could be quantified the chars produced were

subjected to two analysis techniques.

The first technique was gas sorption analysis that provides information on the char
equivalent surface area and the volume of micro and mesoporous structures. Less than 1
m?g of mesopore surface area was observedéochar blends during.Nesting and

therefore is not reported in the results.

The second technique used for the evaluation of the char structures was oil immersion
optical microscopy. A manual analysis was performed on the char after it had basa set
epoxy resirblock. The analysis assigned a classification to each particle that the optical
microscope focused upon, with 2ZBDO0 particles measured. The analysis focuses upon the

morphology of the whole char particle with only macropores being seers attie.

6.2- BET Analysis
The methodology used to conduct gas sorption analysis upon the char samples is discussed
in subsection 3.4.3. Testing of coal char samples has been reported ugasgilNstudies
(Prabhakar et al., 20}, Avhilst other investigations that hused this technique have opted
to use CQ(Pohlmann et al., 20)0The two methods of gas adsorption isotherms can be
described as complementary as the: G&s suffers difficulties in filling large microspores
whilst N> has slow dfusion properties into small microspores. For this study 43 was
used as the cryogenic gas due to its linear nature and smaller molecular size. In studies where

N2 has been used it has been shown to be unable to penetrate micropores, instead it is
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primarily used to measure mesoporous structures. Preliminary tests carried pfgrithid

study showed thahinimalto no mespore structures were found as values were less than 1
m?/g. As the char samples possessiaimal to no mespores the tiibinini
Radushkevicimodel was utilised to calculate the surface area as the most appropriate fit for

the CQisotherms.

The BET values have been included throughout this chapter as it is standard industry practise
to report. However, with regards to this work tBET values do not provide a good insight

into the surface area of the char samples due to the use.gh€@ithin these experiments.
Dubinin-Radushkevich provides greater accuracy for the samples investigated in this work as
it is temperature dependaartd was initial conceived for the adsorption of subcritical gases

to microporous structures, whilst BET is better suited to larger adsorpédia.

6.2.1- Slow Heating Representative HTF Chars
Table 61 details the BET results of the individual fuel chars greg in the HTF to
represent TGA char. It can be noted that the SA coal char surfadésaieshe region
between the Bag and OC samples, whilst W has a surface area larger than the other biomass
species. It can be seen that the micropore surfacemaicapore volume and BET surface

area all increase in sequence with the series following OC < SA <Bag <W.

Table 6-1 Analysis of Individual Fuels generated at 85CC in HTF, using Dubinin -
Radushkevich Modé

Micropore Micropore Micropore BET

Sample (um) Surface Area Volume Volume Error Surface Area
m?/g cm?g +cm?/g m?/g
Bag (150300) 429 0.1719 0.0016 302
Bag (75150) 367 0.1471 0.0016 275

OC (150-300) 165 0.0663 0.0027 7

OC (75150) 183 0.0732 0.0004 173
SA (5375) 319 0.1277 0.0042 186
SA (75150) 273 0.1093 0.0025 205
W (150-300) 595 0.2383 0.0022 407
W (75-150) 507 0.2030 0.0007 398
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Within Table 61 a value of 7 ifig has been reported for the BET surface area of O€ 150
300pum, whilst themicropae surface area determined from DubiRiadushkevich is

reported as 165 #y. This result highlights the unsuitability of using the BET model for this
analysis system with CQs discussed in section 6.2. By observing the similarities between
micropore suiace area values for the other fuels at the varying particle sizes the value of 165
m2/g for OC 15B00um would be deemed a more plausible result for a fuel that in other

experiments has performed similarly.

At slow heating ramp rates it was seen thatdo@d produce a significant improvement in
coal char burvout for the blended samples, whilst no improvement was seen in VM content
for any biomass blend species, Chaptérhreforethe blends of interest generated at these
test conditions were thoséthe OC biomass. The G@otherm results of the SA blerdle

samples are listed in Table26

Table 6-2 Analysis of SA and Biomass Blends generated at 830 in HTF on 50% Weight Basis,

using Dubinin - Radushkevich Model

) Micropore BET Micropore Predicted
Micropore .
Volume Surface Surface Micropore
Sample (um) Volume
Error Area Area S Area
cmilg
+cmlg m?2/g m?/g m?3/g
Bag:SA (150/53) 0.1779 0.0029 284 444 353
Bag:SA (75/53) 0.0571 0.0007 124 142 331
Bag:SA (5/75) 0.1441 0.0033 219 360 302
OC:SA (150/53) 0.0804 0.0064 142 201 270
OC:SA (75/53) 0.0764 0.0023 149 191 277
OC:SA (75/75) 0.0585 0.0054 84 146 244
W:SA (150/53) 0.1604 0.0045 224 400 374
W:SA (75/53) 0.1664 0.0035 259 415 356
W:SA (75/75) 0.1758 0.0040 264 439 320

Predicted Micropore surface areas have been calculated from the collection rates of the
individual parent fuels chars generated in the HTF. The collection rates were used to produce
a ratio of biomass to coal char predicted to be se#re blended char samples. It was

expected that a large influence for the char pore structures would come from the coal char
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due to its higher collection rates. The ratio for each sample was used with Equation 6.1 to

produce the predicted micropore area.

061 QAQE YHOEAET QOQE YHOEET Qb Equation 6.1

WherePAreais the predicted micropore surface area calcul@@tiois the ratio of
influence for each materidBAreais the micropore area for the biomass sampleGcta

is the micropore area of the coal sample.

The OC blends produce the lowest micropore surface area results from the char sets of the
three biomass species with the results being considerably lower than those found for the W
and Bag species in genera@he observed micropore surface areas do not correlate with the
predicted micropore surface areas as would be assumed if no interaction had occurred. In
generalthe observed char values lie closer to the biomass species than would be expected.
Having a laver surface area but greater reactivity is counterintuitive, with many scientific
studies proving that the greater the surface area the quicker the reactionTdeetafre,

there must be an influence on reactivity that causes the significant increaaetivity
greaterthan surface area effects. This is further supported by the Bag blend of 75/53 having
a similarly low surface area as OC blenaswever takingn additional 60 minutes to

complete burrout.
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6.2.2- Fast Heating DTF Chars Generated at 200 mResidence Time
Following the observation of synergistic VM yield improvement for the low ash samples and
catalytic char reactivity of the high ash samples the chars generated in the DTF at 200 ms
had gas sorfuin analysis conducted. Table3&etails the gs sorption analysis of the

individual fuel chars from these test conditions.

Few conclusiverendscan be identified within the individual fuel char dasath the most
generalised occurrence being that the-260um has a smaller surface area than that
reported for the smallgrarticlesize fraction. This pattern mirrors the order of reactivity for

the size fractions during char reactivity testing.

Table 6-3 Analysis of Individual Fuels generated att300°C in DTF at 200 ms using Dubinin -
Radushkevich Model

Micropore Micropore Micropore BET

Sample (um) Surface Area Volume Volume Error Surface Area
m?2/g cmi/g +cmilg m?/g
Bag (150300) 75 0.0301 0.0003 148
Bag (75150) 49 0.0196 0.0002 290
Euc (156300) 141 0.0566 0.0005 350
Euc (75150) 73 0.0293 0.0004 81
Mis (150-300) 145 0.0581 0.0004 139
Mis (75-150) 231 0.0925 0.0004 227
OC (150300) 84 0.0335 0.0002 100
OC (75150) 75 0.0301 0.0003 148
SA (5375) 80 0.0322 0.0005 83
SA (75150) 167 0.0670 0.0010 135
W (150-300) 235 0.0943 0.0003 209
W (75-150) 190 0.0763 0.0017 514
Z (150-300) 236 0.0947 0.0046 391
Z (75-150) 63 0.0254 0.0003 271

Looking at the results for the blended samples generated at 200 ms residence time in the
DTF there is no corfation with either the reactivity of char during bemat testing or the

improvement of VM production. There is a slight propensity for the surface area to follow
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the blend series 75/75 > 150/53 > 75/53, however this again is not followed by all biomass
species. Wheromparisons are dravagainst the predicted micropore surface areas it can be
seen that all of the observed surface areas exceed the predmiiggssting positive effect

is occurring withregard tgporosity increasing within the coal ch@ihechars generated in
theDTF at 200 ms show low surface areas when compared to those generated at slow
heating rate conditions. All of the chars from the DTF production method are in the range

that was only displayed by the OC blends from HTF.

Table 6-4 Analysis of SA and Biomass Blends generated at 1380 for 200 ms in DTF on 50%
Weight Basis, using Dubinin- Radushkevich Model

Micropore Micropore BET Micropore P.redicted
Sample (um) Volumme Volume Surface Surface Micropore
ey Error Area Area S Azfea

+cmé/g m?3/g m?/g m/g
Bag:SA (150/53) 0.0646 0.0006 129 161 79
Bag:SA (75/53) 0.0541 0.0005 121 135 76
Bag:SA (75/75) 0.0592 0.0002 135 148 138
Euc:SA (150/53) 0.0645 0.0006 143 161 86
Euc:SA (75/53) 0.075 0.0013 141 186 80
Euc:SA (75/75) 0.0688 0.0005 148 172 159
Mis:SA (150/53) 0.0680 0.0005 138 170 92
Mis:SA (75/53) 0.0605 0.0006 141 151 115
Mis:SA (75/75) 0.0739 0.0008 166 186 178
OC:SA (150/53) 0.0643 0.0006 143 157 81
OC:SA (75/53) 0.0580 0.002 141 145 108
OC:SA (75/75) 0.0682 0.0003 175 170 183
W:SA (150/53) 0.0620 0.0003 176 155 84
W:SA (75/53) 0.0600 0.0010 129 150 86
W:SA (75/75) 0.0792 0.0006 173 198 169
Z:SA (150/53) 0.0568 0.0005 132 142 77
Z:SA (75/53) 0.0782 0.0007 151 195 82
Z:SA (75/75) 0.0579 0.0003 181 144 152
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6.2.3- Fast Heating DTF Chars Generated at 600 ms Residence Time
As with the 200 ms residence time chars the 600 ms chars had exhibited both synergistic
improvements in VM yield production, subsection 4.4.2, and catallytic reactivity,
subsection 5.4. The results for the individcizars are detailed in TableS6whilst the

blended samples are in Tabl&6

The individual biomass fuels sheda large increase in surface area and other associated
parameters comparedttoe 200 ms results, whilst SA coal shemba smaller increase. This
increase in surface area may be the result of increased VM production, as all of the samples

produced higher yields at 600 ms compared to 200 ms.

Table 6-5 Analysis of Individual Fuels generated at 1300C in DTF at 600 ms, using Dubinin-
Radushkevich Model

Micropore Micropore Micropore BET

Sample (um) Surface Area Volume Volume Error Surface Area
m3/g cm®/g *cm/g m?/g
Mis (150-300) 353 0.1415 0.0018 334
Mis (75-150) 334 0.1338 0.0021 327
OC (150-300) 278 0.1116 0.0010 239
OC (75-150) 270 0.1084 0.0010 246
SA (5375) 178 0.0714 0.0029 121
SA (75150) 197 0.0791 0.0054 144
Z (150-300) 425 0.1703 0.0070 445
Z (75-150) 244 0.0980 0.0007 254

In Table 66 it can be seen that the two samples that produced a catalytic increase in
reactivity during burrout, Mis and OC, have lower observed surface area compared to those
that produced VM improvements, W and Z. This pattern was not observed mis2and

may be the result of increased residence time allowing full devolatisation to occur. Increases
in micropore surface area and micropore volume for these samples is the result of further

VM leaving the char surface and creating larger pore networks

The differences between these chars are still relatively small when compared to the surface
areas shown by individual biomass samples. In addition, the samples with increased
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reactivity have the smaller surface areas providing further evidence thatafiagtior has a

much larger influence than micropore surface area.

Table 6-6 Analysis of SA and Biomass Blends generated at 1380 for 600 ms in DTFon 50%
Weight Basis using Dubinin - Radushkevich Model

_ Micropore BET Micropore Predicted
Micropore
Volume Surface Surface Micropore
Sample (um) Volume
Error Area Area S Area
cm®g 2
+cm?g m?/g m/g m3/g
Mis:SA (150/53) 0.0554 0.0010 195 138 207
Mis:SA (75/53) 0.0451 0.0005 150 113 200
Mis:SA (75/75) 0.0409 0.0007 146 102 216
OC:SA (150/53) 0.0504 0.0005 143 126 197
OC:SA (75/53) 0.0432 0.0005 136 108 193
OC:SA (75/75) 0.0495 0.0004 116 123 209
W:SA (150/53) 0.0622 0.0007 122 155 179
W:SA (75/53) 0.0596 0.0010 155 149 180
W:SA (75/75) 0.0764 0.0012 144 191 199
Z:SA (150/53) 0.0691 0.0005 138 172 206
Z:SA (75/53) 0.0622 0.0003 140 155 186
Z:SA (75/75) 0.0750 0.0005 141 187 202

From analysing the results of thas sorption testing of théTF, DTF 200 ms and 600 ms
chars based on a 50% weight loading iaiicance of the results seem to be limited. The
analysis technique does not seem to providexpected outcomef aiding in the
identification ofsynergistic improvements at either the devolatisation ocdhgustion
phase. The differences betweea tlarious fuel blends are inconclusive with regards to
tallying with the observed effects discussed in Chapters 4,ahdrgfore not providing a
clear relationship between increases in surface area and improvements in either VM

production or char reacity.
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6.2.4- Fast Heating DTF Chars Generated with Varying Coal Loadings
As with the other chars produced from HTF and DTF testing the chars with varying coal
weightings, produced in DTF at 200 ms, had the surface areas assessgdsisomgtion
analysis. Tale 6-7 describes the gas sorption analysis of the SA coal blended with the Bag at
25%, 50%, 75% and 90% loadings.
From the tabulated data it cheobservedhat there is a general increasing trend for
micropore surface area as the coal loading increibesincrease of surface area as coal
loading increasicorrelates with the amount of surface area determined for the individual
fuels with a residence time of 200 ms in the DTF. The results for all blends at 90% coal
loading and the 75% with Bag -2%0um all have recorded surface area larger thah th
displayed by theriginal individual coal char. The 90% blends produced negative VM yields
in Chapter 4subsection 4.4.2nd observed slower than SA char T90 bouhtimes in

Chapter 5subsection 5.5

Table 6-7 Analysis of SA andBag Blends generated at 1300C for 200 ms in DTFon Varying
Weight Basis using Dubinin - Radushkevich Model

Micropore Micropore Micropore BET
Sample (um) Surface Area Volume Volume Error  Surface Area

m?/g cm3/g +cm/g m?/g

Bag 150 SA 53 50% 161 0.0646 0.0006 129
Bag 150 SA 53 75% 156 0.0623 0.0005 135
Bag 150 SA 53 90% 201 0.0804 0.0011 150
Bag 75 SA 53 25% 139 0.0557 0.0005 116
Bag 75 SA 53 50% 135 0.0541 0.0005 121
Bag 75SA 53 75% 177 0.0710 0.0007 139
Bag 75 SA 53 90% 207 0.0831 0.0012 157
Bag 75 SA 75 25% 136 0.0544 0.0005 154
Bag 75 SA 75 50% 148 0.0592 0.0002 135
Bag 75 SA 75 75% 178 0.0713 0.0006 147
Bag 75 SA 75 90% 214 0.0856 0.0005 163
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Table 68 lists the BH analysis of the SA coal blended with the OC at the varying coal
weight loadings. The general trend described for the Bag blends continues with the OC
samples as increasing coal loading increases micropore surfacérerddend of 75/53
particle sizingat a 25% coal loading and the 75/75 at 75% coal loattngpt follow this

trend, with higher observed surface areas than blends at higher logktogser trend

seems to be the similarity in results of the 7&8d 90% coal loadings, however the
differene betweerthar reactivityof the two samples suggestsnimal correlation The 75%
blends halved T90 times during the char reactivity tests whilst the 90% sample performed
like individual coal char. This further suggests that a different variable inflaehee

reactivity behaviour of these chars.

Table 6-8 Gas Sorption Analysis of SA andDC Blends generated at 1300C for 200 ms in DTF
on Varying Weight Basis, using Dubinin- Radushkevich Model

Mi cropore Micropore Micropore BET
Sample (um) Surface Area Volume Volume Error  Surface Area

m?/g cmi/g +cm?/g m?/g

OC 150 SA 53 25% 95 0.0380 0.0004 181
OC 150 SA 53 50% 157 0.0643 0.0006 143
OC 150 SA 53 75% 195 0.0783 0.0002 171
OC 150 SA 53 90% 200 0.0801 0.0011 146
OC 75 SA 53 25% 195 0.0783 0.0006 222
OC 75 SA 53 50% 145 0.0580 0.0002 141
OC 75 SA 53 75% 194 0.0778 0.0004 174
OC 75 SA 53 90% 210 0.0842 0.0010 154
OC 75 SA 75 25% 130 0.0521 0.0002 130
OC 75 SA 75 50% 170 0.0682 0.0003 175
OC 75 SA 75 75% 256 0.1027 0.0003 232
OC 75 SA 75 90% 247 0.0989 0.0011 191

Finally, Table 69 lists theBET analysis of the SA coal blended with the W species at the
varying coal weightingsThe W blends that contain the-I50um biomass size fraction

show a trend athe 25% loading presenting a surface area that is higher than the 50% and
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75% blending. The W char at this size fraction has a larger surface area than both coal
fractions, therefore it follows that the blend containing the most biomass shows the highest
level of biomass characteristics.

Within the 156300um W fraction it can be seen that the 25%, 50% and 75% have very
similar characteristics, with only the 90% fraction showing a large increase. In Chapter 5 this
size fraction observed similar buout peformance for the 50% and 75% blends, whilst the
25% was better.

All of the 90% loadings have surface areas in excess of the individual coal and biomass
chars at these generation conditions, suggesting that the small amount of biomass is
increasing overaburface area. This effect was also seen in the cases of Bag and OC. As
seen with the previous biomass blend species the overall trends observed through surface
analysis do not provide good agreement with the char reactivity results. This would suggest
tha any relationship caused by the changes in surface area relating to reaetsvity

negligible.

Table 6-9 Analysis of SA andW Blends generated at 1306C for 200 ms in DTF on Varying
Weight Basis, using Duhiin - Radushkevich Model

Micropore Micropore Micropore BET
Sample (um) Surface Area Volume Volume Error  Surface Area

m?/g cm3/g +cm/g m?/g

W 150 SA 53 25% 155 0.0620 0.0005 141
W 150 SA 53 50% 155 0.0620 0.0003 176
W 150 SA 53 75% 150 0.0602 0.0004 130
W 150 SA 53 90% 209 0.0837 0.0011 155
W 75 SA 53 25% 217 0.0870 0.0007 181
W 75 SA 53 50% 150 0.0600 0.0010 129
W 75 SA 53 75% 168 0.0675 0.0006 142
W 75 SA 53 90% 242 0.0968 0.0012 198
W 75 SA 75 25% 230 0.0923 0.0010 195
W 75 SA 75 50% 198 0.0792 0.0006 173
W 75 SA 75 75% 189 0.0757 0.0004 149
W 75 SA 75 90% 223 0.0892 0.0004 188
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6.3- Optical Microscopy
Optical microscopy was utilised to further determine whether char structure had an influence
over the increases in reactivity seen in Chapter Hca@lpnicroscopyanalysisprovided
information onthe amounts and types of structures @mescale, compared to nm pores in
gas sorption. The samples chosangas sorption analysigere generated at 200 ms in the
DTF and included the parent fuels attbeize fractions and the blends of these fuels at 50%
coal loadings. These samples were the SA coal material and the OC, Bag and W biomass
speciesFurtherOC blendsvereinvestigatedvith varied coal loadings of 25% and 75%, as

thesehad providedsignificantincreases in reactivitguring Chapter 5.

Samples were placed in epoxy resin blocks and analysed using the methodology described in
subsection 3.4.AppendixC displays all of the optical images captured of the sample chars,
with the individual sectoimages having been integrated into a single mosaic image for each
sampleFigure 61 is an example of one of the optical mosaics found in Appendix C that
clearly highlights the usef individualimagesbeingcoalited into one overviewy the

gridlines vsible within the image

Figure 6-1 Optical Mosaic of Bag 156300 um
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Manual analysis was used on the mosaic images, which required the patrticles to be

subjectively assigned a classification. The classifins used for this work were:

9 Tenuisphere

1 Crassisphere
1 Tenuinetork

9 Crassinetwork
1 Solid

1 Fusinoid

T Raw material

The definition of these classifications were taken from the ICCP Char Atlas and followed the
analysis technique used in previous studies at theeldsity of NottinghanfWu et al.,

2009. Each classification could be further grouped into a description of their structure that
indicates their relevance to combustion performance. The tenuispheraaingtgork

structures were grouped as thin walled, the crassisphere and crassinetwork structures were
grouped as thick walled and the solid, fusinoid and raw material structures were termed
solids. It is known that thin walled chars provide better comtmigterformances, due to

their high porosity and large superficial area, than those of thick walled chars and solids that

have low porosity and small superficial af€naves et al., 20)5

Tables 610 through ¢ 6-13 present a list of percentage breakdowritferidentified char
structures, followed by the percentage once grouped. In addition, the grouped percentages
are converted to a theoretical average particle size. An associated wall thickness has been
suggested for the three grouped classifications that has been used to calculate the theoretical
particle size. Tasuggested wall thickness is multiplied by the percentage of that structural
grouping to provide a theoretical particle size. This particle siaébe used as a comparison

between different comparable chars. The associatedhickhess set in this study are:
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9 Thin walled structures fgm
1 Thick walled structures 15m

1 Solids 50 um

Table 610 details the manual optical analysis for the individudldhars generated in the
DTF for 200 ms residence times. It can be seen that the OC and Bag species both have
highly thin walled char structures, with no solid material presenteRhipited aralmost
entirely thin walled structuring, whilst OC has 17%¢khwall structures in both size
fractions. The W species displays a highly thick walled char in comparison to the other
biomass materials, with a significant quantity of raw material remai@ihthe three

biomass sample8ag displayed the worse readtyy detailed inChapter 5Sthat could be
caused by the ash being dispersed throughout the tenuisphere stréigurest2 depictsa

mosaic of the individual W 7350 um labelledwith the structuresliscussed.

Figure 6-2 Optical Mosaic of W 75150 pm
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Table 6-10 Manual Optical Analysis of Individual Fuels after Char Generation at 1300°C for 200 ms in DTF

SA SA oC oC W W Bag Bag
(53-75) (75-150) (75-150) (150-300) (75-150) (150-300) (75-150) (150-300)
TenuiSphere (%) 16.0 104 1.6 2.4 5.2 4.8 78.4 78
CrassiSphere (%) 39.6 21.2 15.6 16.4 40.8 49.2 2 4.4
TenuiNetwork (%) 11.6 9.6 81.6 80.4 34 24 18.4 15.6
CrassiNetwork (%) 26.0 50.8 1.2 0.8 13.2 18.4 0.8 0.8
Solid (%) 5.2 3.2 0.0 0.0 0 0.4 0.4 1.2
Fusinoid (%) 1.6 4.4 0.0 0.0 0 0
Raw Material (%) 0.0 0.4 0.0 0.0 6.8 3.2
Thin Walled (%) 27.6 20.0 83.2 82.8 39.2 28.8 96.8 93.6
Thick Walled (%) 65.6 72.0 16.8 17.2 54 67.6 2.8 5.2
Solids (%) 6.8 8.0 0.0 0.0 6.8 3.6 0.4 1.2
Thin (um) 1.4 1.0 4.2 4.1 1.96 1.44 4.84 4.68
Thick (um) 9.8 10.8 2.5 2.6 8.1 10.14 0.42 0.78
Solid (um) 3.4 4.0 0.0 0.0 3.4 1.8 0.2 0.6
Total (pm) 14.6 15.8 6.7 6.7 13.46 13.38 5.46 6.06
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The SA coal chars display a high level of thick walled structures with a significant quantity
of solid and fusinoid structures. The total remaining material is comparable between the SA

and W chars, whilst that produced by OC and Bag are similar.

Table 611 details the manual optical analysis of the SA coal chars when blended with W

and Bag. For the W species the quantity of thin walled structures decreases as the solids
amount increases following the series 75/53 < 150/53 < 75/75, in turn leadingntcrease

in the total remaining material. The W blends appear to possess a stronger affiliation with the
SA chars than the W, presenting characteristics closer to coal char. This is not surprising
given the quantity of W char that is expected to baiwithe sample, which agrees with the

char reactivity shown in Chapter 5.

The Bag blends show a large increase in the quantity of solids within the chars, especially
raw material at 13 % for two mixtures. This would suggest that at 200 ms the blended fuel
are not able to interact with each other or the surrounding environment. This may be due to
the large volume of Bag required to be blended on a 50% ratio, as discussed when large
variation observed in TGA slow heating devolatisation in subsection 4ejdmtities of
networks formed seems to be consistent with that of the coal char across all blends,
suggesting the blends would show coal like characteristics duringpoiirhis is in

agreement with the Chapter 5 results and that seen with the W.blends
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Table 6-11 Manual Optical Analysis of SA Blendedwith W and Bag on 50% Weight basisafter Char Generation at 1300°C for 200 ms in DTF

SA'W SA'W SA:W SA:Bag SA:Bag SA:Bag
(5375:75150)  (53-75:150300) (75-150:75150) (53-75:75150) (53-75:150300) (75-150:75150)

TenuiSphere (%) 13.6 6 0.6 24 15.2 4.4
CrassiSphere (%) 45.2 52.8 21.4 28 18.4 12
TenuiNetwork (%) 9.2 7.2 8.4 13.6 23.2 6.4
CrassiNetwork (%) 23.2 244 534 24.8 19.6 48.8
Solid (%) 6 2.8 5.6 0 0.8 8.4
Fusinoids (%) 2.8 1.2 10.6 2.8 9.6 6.8
Raw Material (%) 0 5.6 0 6.8 13.2 13.2
Thin Walled (%) 22.8 13.2 9 37.6 38.4 10.8
Thick Walled (%) 68.4 77.2 74.8 52.8 38 60.8
Solids (%) 8.8 9.6 16.2 9.6 23.6 28.4
Thin (um) 1.14 0.66 0.45 1.88 1.92 0.54
Thick (um) 10.26 11.58 11.22 7.92 5.7 9.12
Solid (um) 4.4 4.8 8.1 4.8 11.8 14.2

Total (pm) 15.8 17.04 19.77 14.6 19.42 23.86
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The char structures of OC blends generated in the DTF @bn&0are detailed in Table 6

12.Both blend mixtures that feature the SA fraction of/53um have similar patterns with
regards to the solids grouping. At the 25% coal loagdimysimal to no solids structures are
present, whilst at 50% there is a considerable amount of solid and fusingitures. As the
loading further increases to 75% coal the solid structures decrease to less than 1% whilst the
raw material found in the char increases substantially. Within the mixture containing the 75
150um SA coal the raw material percentageightthroughout. This quantity increases as

coal loading increases whilst the tenuinetwork structures decrease.

The largest differences are found between the 25% and 50% coal loadings, with increases in
solid structures. However, in Chapter 5 the 25% &% Boal loadings were seen to have

closer performances than that between the 50% and 75% blends. The previous blends
showed char structuring similar to that presented by the individual coal char. In the case of
OC it can be argued that the 75/53 blend dd&s resemble the coal char, whilst the 150/53

and 75/75 both present structuring significantly different to both parent fuels.

As found with the C@isotherm analysig subsection 6.2a clear link between the char
structuring and the improvements faolior both synergistic VM production and catalytic
char reactivity does not seem to be present. Further investigation may provide a clearer
understanding, however it would seem the influence that char structures play are

insignificant in the effectthat wereobserved during céring.
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Table 6-12 Manual Optical Analysis of SA Blended withOC on Varying Weight basis after Char Generation at 1300 oC for 200 ms in DTF

SA:OC 25% SA:OC 50% SA:OC 75% SA:0OC 25% SA:0C 50% SA:OC 75%
(53-75:75150) (53-75.75-150) (53-75:75150) (53-75:150300) (53-75:150300) (53-75:150300)
TenuiSphere (%) 1.2 8.8 8.8 1.6 4.0 5.6
CrassiSphere (%) 8.0 43.4 21.2 31.6 20.8 26.0
TenuiNetwork (%) 85.2 18.6 42.8 48.0 50.8 280
CrassiNetwork (%) 5.2 17.6 17.2 18.0 14.8 26.4
Solid (%) 0.0 8.0 0.8 0.0 6.6 0.0
Fusinoids (%) 0.0 3.6 2.0 0.8 2.4 2.8
Raw Material (%) 0.4 0.0 7.2 0.0 0.6 11.2
Thin Walled (%) 86.4 27.4 51.6 49.6 54.8 33.6
Thick Walled (%) 13.2 61.0 38.4 49.6 35.6 52.4
Solids (%) 0.4 11.6 10.0 0.8 9.6 14.0
Thin (um) 4.3 1.4 2.6 2.5 2.7 1.7
Thick (um) 2.0 9.2 5.8 7.4 5.3 7.9
Solid (um) 0.2 5.8 5.0 0.4 4.8 7.0
Total (um) 6.5 16.3 13.3 10.3 12.9 16.5
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Table 6-13 continued Manual Optical Analysis of SA Blended with OC on Varying Weight basis after Char Generation at 1300 oC for 200 nmsDTF

SA:OC 25%
(75-150:75150)

SA:OC 50%
(75-150:75150)

SA:OC 75%
(75-150:75150)

TenuiSphere (%)
CrassiSphere (%)
TenuiNetwork (%)
CrassiNetwork (%)
Solid (%)
Fusinoids (%)
Raw Material (%)

Thin Walled (%)
Thick Walled (%)
Solids (%)

Thin (pm)
Thick (um)

Solid (um)

Total (um)

4.0
20.8
41.2
24.8

0.8

0.8

7.6

45.2
45.6
9.2

2.3
6.8
4.6

13.7

6.0
21.6
20.4
27.2
10.0

2.8
12.0

26.4
48.8
24.8

13
7.3
12.4

21.0

0.4
18.0
6.4
54.0
2.0
2.8
16.4

6.8
72
21.2

0.3
10.8
10.6

21.7
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6.4- Conclusions

1 COisotherm analysis showed that HTF char had higher surface area compared to
chars generated in DTF conditiomghich correlates with higher char reactivity seen
for HTF chars

1 The varying of coal loading leads to the char surface showing characteristics closer
to the favoured parent fuel

9 Overall any change in surface area due to devolatisation production or biomass
species blended with has negligible effect on char reactivity

1 Optical microscopy of char samples found that orutinescale the char particles and
macropore structures of the W and Bag blended chars had strong characteristics of
SA coal char

T OC 50% blendsan be seen to not resemble the SA char howaserith gas
sorption analysis a clear relationship between changes in char structures and

increased char reactivity does not appear to be present
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Chapter 7 Determination of Ash Mineral Content Influence on

Synergisic and Catalytic Effects

7.1- Approach

Having observed differing synergistic effects during the devolatisation and char combustion
process an investigation was undertaken to ascertain whether mineral matter inherent within
the biomass samples were the mainseal’ o assess the hypothesis that AAEMs cause
synergisticand catalytieffectsduring cafiring a process of remval for AAEMs from the

ash was necessary. Three biomass species were processed using a demineralisation technique
previously used b¥Farrow etal, 2015,and is described in subsection 3.1.4. The biomass
species chosen for this stage of analysis were W, OC and Bag due to the range of mineral
matter and ash contents that they covered. In addition, the performances of these three
biomass species wh blended with coal and ¢wed under fast heating ramp rate conditions
exhibited synergistic effects during differing stages of testing. The samples were blended
with the SA coalvith a 50 % coal loadingn this chapter the samples that have undergone

the acid washing process are referred to as demineralised or in shortened sample labelling
have the prefix AWIt must be noted that the dilute acid treatment has only removed the

AAEMs and not other mineral content from the ash.

7.2- Initial Demineralisation Screening
To determine the success of the demineralisation praaessitial screening test matrix was
conducted to measure the extent of AAEM removal and the effect this may have had on th
fuel characteristics. TableI’provides a comparison between thel components observed
in the raw fuels and the fuels after demineralisation ff@w proximate analysis. By
comparing the levels of ash in the treated fuel with that of the ash in the raw fuel it can be
seen that the acid treatment was effective imongng significant mineral matter in OC and
Bag. For both species demineralisation removed ~ 75 % of mineral matter from 1{8@0150
em size fraction, whilst the 7550 m size fraction removed > 50%. The W species has lost
> 75 % from its 786L50em fraction whilst gaining ash content for the 3300em. Due to
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the low ash content of W it is difficult to ascertain accurate masses of ash content and
therefore the rise in ash content in the demineralised sample is likely to be an apparatus

error.

Table 7-1 Comparison of Demineralised and Untreated Biomass, Proximate Analysis

Sampl e ( TM (af%) VM (daf%) FC (daf%) Ash (db %)
AWW (75-150) 5.45 85.81 14.19 0.56
W (75-150) 7.69 85.77 14.23 2.66
AWW (150-300) 6.25 88.99 11.01 1.29
W (150-300) 7.27 84.41 15.59 0.89
AWBag (75-150) 3.85 93.73 6.27 8.94
Bag (75150) 551 87.78 12.22 23.65
AWBag (150-300) 4.52 92.31 7.69 2.86
Bag (150300) 13.11 86.05 13.95 11.34
AWOC (75-150) 5.94 76.67 23.33 5.10
OC (75-150) 6.88 76.51 23.49 10.28
AWOC (150-300) 5.98 76.28 23.72 2.56
OC (150-300) 11.91 75.80 24.20 10.50

In addition, Table 71 provides evidence that the process did not affect the structures of the
biomass material for the OC and W species as the VM and Ré€ntsion a dry ash free

basis are within variation. The Bag material shows a shiftM over char formation in both
size fractions, with the smaller size fraction experienttirdarger changerhis change is

likely due to the material overcoming masasfer limitations.

Table #2 compareghe elemental analysis of the raw and demineralised biomass fuels.
Across all speciesheH decreaseto a small extent, whil€D decreases by1% for Bag,
<2.5% for W and <7% for OQn addition, N increaseslighty whilst C increases by the
majority of O reductionThe largest differences are observed in the OC samples, 7%, that
could be attributed to extraction of C organic matefibgé differences are all proportional

small and within error of the natural vai@n and calibration setup of thé&CO Analyser.
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Table 7-2 Comparison of Demineralised and Untreated Biomass, Elemental Analysis

Hydrogen Nitrogen Oxygen
Sampl e ( Carbon (wt%) .
(Wt%) (Wt%o) (wWt% by diff)

AWW (75-150) 48.4 6.4 0.3 44.9
W (75-150) 46.0 6.5 0.2 47.3
AWW (150-300) 47.2 6.4 0.2 46.2
W (150-300) 46.2 6.6 0.2 47.1
AWBag (75-150) 41.9 5.7 0.5 52.0
Bag (75150) 40.8 5.8 0.5 52.9
AWBag (150-300) 457 6.3 0.4 47.6
Bag (156300) 44.6 6.3 0.3 48.7
AWOC (75-150) 51.4 6.6 2.9 39.1
OC (75-150) 45.3 6.2 2.2 46.3
AWOC (150-300) 50.8 6.5 2.3 40.3
OC (150300) 45.7 6.2 2.1 46.1

Table 7-3 displays the ash mineral compositiof the raw and demineralised fuels having
undergone ashing and XRF analysis as detailed in subsection 3.2.3. Due to the low ash
content of the AWW sample, neither size fraction could provide sufficient quantities of ash
sample for analysjghrough prepaation in a furnaceThis in itself is evidence that the

demineralisation process was successful with regards to the W species.

Both the Bag and OC show significant decreases in the amount of AAEMs believed to be
responsible for the synergistic effectsetved, Ca, Mg, Na and Kror both OC size
classifications Mg is not reduced to the degree of the other elements, which is in part due to
its lower reactivity compared to the other cations. With such high levels of K the length of
soak and heat infused ynaot have been sufficient for all ‘@nions to remove all Mg

cations. In addition, the levels of S, P and trace metals have been decreased providing
evidence of a successful demineralisation process. Interestingly the levels of Si and Al
minerals increa=d after treatment in the OC species. This phenomenon may be due to
another mineral compound producing a florescence similar to those species and thus

providing false readings.
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Table 7-3 Mineral Matter Compo sition Comparison between Raw Biomass and Acid Washed Biomass

Sampl e AWOC oC AWOC OoC( AWBag Bag AWBag Bag
(75-150) (75-150) (150-300) 150-300) (75-150) (75-150) (150-300) (150-300)
Ash (db%) 3.63 10.28 2.94 10.50 5.59 20.48 3.63 9.33
SiO, 2.01 0.86 1.53 0.90 2.80 8.32 2.10 3.74
Al203 0.28 0.18 0.21 0.19 0.77 291 0.44 1.16
Fex0s 0.07 0.59 0.06 0.17 0.11 1.20 0.09 0.50
TiO» 0.02 0.00 0.02 0.01 0.05 0.20 0.03 0.08
CaO 0.02 0.98 0.01 1.27 0.01 0.93 0.02 0.40
c;i MgO 0.42 0.50 0.32 0.50 0.02 0.49 0.02 0.18
2 NaxO 0.00 0.14 0.00 0.13 0.00 0.00 0.00 0.00
= K20 0.05 3.15 0.05 3.55 0.05 1.02 0.03 0.45
Mn 304 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.01
P20Os 0.05 0.48 0.03 0.47 0.03 0.49 0.03 0.21
SGs 0.00 0.25 0.00 0.25 0.01 0.25 0.00 0.09
Trace Metals 0.01 0.29 0.00 0.25 0.01 0.03 0.01 0.01
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7.3- Slow Heating Interactions
Following the production gbartially demineralised biomass, blended samples were prepared
with SA coal and subjected to slow heating thermal conversion using the proximabtssa
methodology described in subsectihd.l This testing was necessary in order to understand
whether any of the previously observed trends continued and to determine ash contents for
later calculations regarding the DTF trials. Due to the limitedunt of prepared
demineralised parent material it was not possible to prepare further HTF char for char

reactivity, therefore the slow heating interactions focus solely on VM content.

Previously, the raw biomass species when blended with coal had shawprogement in
VM productionat slow heating ramp rateBable 74 details the VM content measured
during proximate analysis of the demineralised blended samples comparedittepr
values, whilst Figure-1 displays a comparison of the VM content friira demineralised

and untreated biomass blends.

Table 7-4 Proximate Analysis of Blended SA Coal with Demineralised Biomass

Demineralised VM Predicted Demineralised
Sampl e (¢
(daf%) VM (daf%)

Bag:SA (150/53 65.2 61.2
Bag:SA (75/53) 64.0 61.9
Bag:SA (75/75) 60.9 61.9
OC:SA (150/53) 58.9 53.1
OC:SA (75/53) 60.1 53.3
OC:SA (75/75) 60.5 53.4
W:SA (150/53) 62.0 59.5

W:SA (75/53) 63.4 57.9

W:SA (75/75) 63.1 57.9
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The data presented in Tablegl =vouldsuggest that synergistic increases had occurred in the
majority of the blended samples, with the exception of Bag: SA 7Bifi8ing synergistic
improvement in the VM content of the OC blends was significant as the only effect seen
during slow heating expienentation of untreated biomass blends were the OC blends
increased char reactivitidlowever, when the results are compared against the predicted
values and untreated blenidsFigure 71 and the variation errors are taken into account the
evidence of syergistic improvement is less cledhe error bars in FigureZ was the

variation seen between the triplicated test runs.

Due to the large natural variation in the Bag, when the error is taken into account only the
demineralised 150/53 blend would stiliggest that the VM production had increased during
testing. Indeed, when variation is taken into account for the demineralised W species blends
any effects that have occurred are small, especially when compared to the untreated blend
values. The samplesahprovide the strongest evidence for synergistic improvement are the
demineralised OC blends. With the 75/53 blend showing an improvement over both

predicted and the untreated values larger than the associated error.

With reduction of ash content, the iami of the char formation mechanism that is suggested

to compete with the release of VM during pyrolysis is reduced. This reduction could be
enough to allow the effects of enhanced steam gasification, that were observed at the faster
heating ramp rates, twe presented. Howevehis is unlikely due to the test methodology

used for slow heating experiments. A nitrogen purge sweeps away any steam vapour before
interaction can occur and any steam within the system is at low steam partial pressure. T
inherertly large values of variation within the blended samples and the relatively low
improvement®bserved aslow heatingsuggest synergistic effects are unlikédather the

effects are likely to be the result of the AAEMs not being present to favour chreaatin.
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7.4- Drop Tube Furnace (DTF) Trials

The study into whether demineralised biomass blends experienced an effect on the
production of VM has shown no conclusive evidence that pyrolysis synergistic effects were
observed under slow heating TGA conditiofise next stage was to prepare the same
blended samples and test them through a fast heating ramp rate study using the DTF. The
same experimental setup and VM analysis were used as described in subsedtion 4.4.
Chapter 4, low ash biomass blends, such agEW¢ and Z, exhibited synergistic

improvements in VM yields, whilst in Chapter 5 the high ash samples of OC and Mis

produced catalytic improvements in char reactivity.

7.4.1- DTF Demineralised Blends Devolatisation Study
Table 75 details theoredicted and obseed VM yields of the demineralised samples, having
used the ash contents determined during subsection 7.2 and Equatiors@bkection 3.2,
to calculateobserved VMPredictions were calculated using the same method as previously

stated in subsection2land Equation 4.4nd are displayed in Table6/

Table 7-5 Comparison of VM Yield of Demineralised and Untreated Biomass Chars Generated
at 1300°C for 200 ms in DTF

Demineralised VM Yield Untreated VM Yield

Sample (um)
(daf%) (daf%)
W (75-150) 98.5 87.8
W (150-300) 99.6 93.2
Bag (75150) 92.7 90.0
Bag (150300) 92.9 92.3
OC (75-150) 85.5 82.0
OC (150-300) 90.1 75.3
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The biomass parent fuels observed an increase in VM yield after demineralisativattth

be attributed to the freeing of short chain hydrocarbons from bonding with the ash
constituents. Whilst thelended samples providéarge positive differences between the
predicted valugghat included this parental increaagd the calculatedoserved VM vyields.

This suggests that significant synergistic effects have taken place leading to large increases

in the VM produced at fast heating conditions

Table 7-6 Comparison of VM Yield of SA and Demheralised Biomass Blend Chars Generated
at 1300°C for 200 ms in DTF, on 50% Weight Basis

Demineralised VM Yield Predicted DemineralisedvM
Sampl e (¢

(dafos) Yield (daf%)
Bag:SA (150/53) 80.7 717
Bag:SA (75/53) 71.2 66.0
Bag:SA (75/75) 72.8 65.4
OC:SA (150/53) 75.0 61.0
OC:SA (75/53) 71.7 60.2
OC:SA (75/75) 73.7 63.1
W:SA (150/53) 76.2 72.8
W:SA (75/53) 76.2 68.7
W:SA (75/75) 79.1 68.9

Figure 72 depicts a comparison of the VM yields observed for the demineralised and
untreated biomass blends. Within the figure a darker top segment has been added to the
prediction VM yields to represt error in the prediction. As described in Chapter 4, the error

is due to the assumption that the char has equal influence from the parent fuel chars, however
based on the DTF collection rates this assumption is flawed. The darker region is the area
between an ideal system at the top and the flawed system at the bottom, which represents a

shift towards coal characteristics.

It can be seen th#dte AW predictions in Figure-Z are larger than the predictions of the
untreated blends. This difference is do¢he increase in VM yield that the demineralised
biomass species experience in fast heating conditions compared to the untreated raw fuels in
the sameonditions, detailed in Table@. Bag shows the least change between the treated
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and untreated matelia suggesting that its peak devolatisation has been reached and the
material is unchanged structurally. W and OC see large rises in VM yields that suggests that
the demineralisation proce@W sampleshas made it easier to remove the volatile material

from the char structure during pyrolysis.

All of the AW experimentally dermined results within FigureZ exceed the AW predicted
values and the comparative untreated blends. This provides evitdaht@gesynergistic
effectsareimpacting the produan of VM during fast heating conditigoyrolysis In

addition, the vast increase of VM of the AWOC blends compared to the OC blends provides
further evidence that the sample having a low ash content is key to this effect, as OC

exhibitedminimal to no impovement previously.
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7.4.2- DTF Demineralised Blends Char Reactivity Study
The generated demineralised blend char samples underwent char reactivity testing for
comparison with the untreated materials. In Chapter 5 it was seen at both slow and fast
heatirg ramp rate conditions that high ash biomass blends, such as OC, had a significantly
improved char reactivity and buout performance, whilst the low ash samples, such as W,
showed none at slow heating. With increases in production of VM during fastdheati
conditions the low ash samples produced less reactive chars compared to the original coal,
leading to the conclusion that these higher levels of VM produced make combustion

performance worse.

The same experimentally quantified parameters have beemousganparable analysis in
this section, T90 andsj. Both of these parameters were measured between 5% and 95%
char conversion to mitigate the tail end effects. The test methodology used for this study was

the same as in Chapter 5 and is detailed isextion 3.4.1.

Table #7 compares the char buout performances of the parent fuels for both the untreated
and processed maials, whilst Table 98 details the char combustion characteristics of both
sets of blended saites. It can be seen in Tabl€ That the demineralised fuels haxasstly

reduced reactivities, with first order rate constants being reduced an order of magnitude. The
OC and W species had comparable bowhperformances when untreated and this is the

case after demineralisation.

Table 7-7 Char Burn-out Characteristics Comparison Between Demineralised and Untreated
Biomass, Generated at 1300C for 200ms in DTF

Demineralised Untreated

Sample €m) T90 (mins) Kszs (s1) T90 (mins) Ksas (s1)
Bag (150300) 33.18 0.096 6.40 0.487
Bag (75150) 44.42 0.051 7.27 0.361
OC (150-300) 25.52 0.140 0.95 3.684
OC (75-150) 24.08 0.123 0.57 5.681
W (150-300) 25.52 0.290 1.02 3.369
W (75-150) 24.08 0.152 0.96 3.580
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The SA coal baseline performance for these
for the 5375um and 75150 um size fractions respectively. Though the performance of the
parent fuels after demineralisation is worse than the untreatediahahe reduction in

reactivity of the bénded samples, shown in Tabl8,7s vast. The demineralised Bag blends
experienced such a reduction in reactivity that the T90 times increased by ~100 mins. For the
OC and W samples the reductions were leskeBeth exhibited rate constants comparable

to the SA char and increases in T90 times between 10 and 15% for OC, whilst W had

increases between 15 and 28%.

The reduction in ash content of the demineralised species would account for the blended
samples chaburnrout behaviour similar to that of the individual coal char, due to a low char
collection rate. However, as the blended samples have such poor performance relative to the
coal char this is further evidence that the ash mineral content providesfieangmnfluence

on the char behaviour. In addition, the large increases in VM yields, shown in the previous
study, would have meant that the combustible material with the lowest energy requirements

for ignition has partially been removed.

Table 7-8 Char Burn-out Characteristics Comparison Between SA Blends with Demineralised
and Untreated Biomass, Generated at 130 for 200ms in DTF and 50% Weight Basis

Demineralised Untreated

Sampl e (& T (mins) ksxs(st) T90 (mins)  kszs(sY)
SA:Bag (5375:15G:300) 237.37 0.011 85.63 0.036
SA:Bag (5375:75150) 220.76 0.013 70.34 0.043
SA:Bag (75150:75150) 240.26 0.011 61.35 0.061
SA:OC (5375:150:300) 153.40 0.019 15.41 0.271
SA:OC (53-75:75150) 147.97 0.024 4.28 0.857
SA:OC (75-150:75150) 131.99 0.022 7.99 0.563
SA:W (53-75:156300) 171.70 0.017 82.85 0.039
SA:W (53-75:75-150) 155.35 0.020 103.97 0.029
SA:W (75-150:75150) 140.47 0.020 84.40 0.040
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Within Figure 73 and 74, the normalised carbon buout curves of the demineralised and

untreated biomass and SA coal blends are depicted. The untreated biomass blends are

represented by solid curves whilst the demineralised species have long dashed curves. The

colour classificdabns are the same as in Chapte®gerall no positive catalytic

improvement of char buraut was observed, with reduction in reactivity being caused by

increased VM yields removing combustible material.

Normalised Carbon Burn-out (wt%)

—50% SA:W 53-75:75-150

—50% SA:W 53-75:150-300

50% SA:W 75-150:75-150

— W 75-150

=W 150-300

— -SA:AWW 53-75:75-150

— =SAAWW 53-75:150-300

SA:AWW 75-150:75-150

— = AWW 75-150

— -AWW 150-300

T T T - = T T T T
20 40 60 80 100 120 140 160
Time (mins)

Figure 7-3 Char Burn-out Comparison of Demineralised and Untreated W Blended with SA

Generated at 1300C for 200ms in DTF, on a 50% Weight Basis
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Figure 7-4 Char Burn -out Comparison of Demineralised and Unteated OC Blended with SA
Generated at 1300C for 200ms in DTF, on a 50% Weight Basis

7.5- Investigation into Impact of Ash Mineral Content on Char

Characteristics

As in Chapter 6, the generated chars from the DTF were analysed for surface area and
micropore wlume by gas sorption analysis. The methodology for testing was the same and is
described irsubsectior8.43. In addition, the chars underwent ash mineral content analysis
using XRF to provide an insight into the quantities and specific AAEMs that gienséble

for the effects observed throughout Chapters 4, 5 and 7. The XRF methodology is the same

as used earlier in this chapter and detaileslilvsectior8.4.2

7.5.1- Gas Sorption Analysis of Demineralised Char
Table 79 contains a comparison of the gagpion results of the demineralised and
untreated biomass blends, as determined using the Diidadushkevich Model for CO
adsorption. In general the demineralised samples have lower values across the four

parameters.
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The W species blends have simifaicropore surface area results for the 150/53 and 75/75
blends, whilst the 75/53 blend is significantly higher for the demineralised sample. This is
mirrored in the monolayer capacity and micropore volume. The OC blends have around a 20
m?/g difference bateen the demineralised and untreated samples for each blend, in favour

of the untreated. This difference is shown across all of the subsequent parameters. Finally the
Bag species shows a significant decrease in micropore surface area between the
demineralsed and untreated blends. The untreated samples arég@reater than the
demineralised samples for the two blends with SAS58m size fractions, whilst the 75/75

blend is 25 rfig larger.

Table 7-9 Gas Saption Analysis Comparison of Demineralised Blends Against Untreated
Blends generated at 1306C for 200 ms in DTF, using Dubinin- Radushkevich Model

Micropore Micropore Micropore Monolayer
Sample (um) Surface Area Volume Volume Error Capacity

m?/g cm?/g +cmilg cm?/g
AW:SA (75/53) 171.2 0.069 0.001 37.5
AW:SA (150/53) 154.6 0.062 0.000 33.8
AW:SA (75/75) 190.6 0.076 0.001 41.7
W:SA (75/53) 149.7 0.060 0.001 32.8
W:SA (150/53) 154.6 0.062 0.000 33.9
W:SA (75/75) 197.7 0.079 0.001 43.3
AWOC:SA (75/53) 116.7 0.047 0.001 25.5
AWOC:SA (150/53) 139.4 0.056 0.001 30.5
AWOC:SA (75/75) 151.0 0.061 0.001 33.1
OC:SA (75/53) 144.7 0.058 0.000 31.7
OC:SA (150/53) 157.0 0.064 0.001 35.1
OC:SA (75/75) 170.3 0.068 0.000 37.3
AWBag:SA (75/53) 84.3 0.034 0.000 18.5
AWBag:SA (150/53) 107.2 0.043 0.000 235
AWBag:SA (75/75) 122.5 0.049 0.000 26.8
Bag:SA (75/53) 135.0 0.054 0.001 29.6
Bag:SA (150/53) 161.3 0.065 0.001 35.3
Bag:SA (75/75) 147.8 0.059 0.000 32.4
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The results of the gas sorption testing has sdiffirences between the untreated and
demineralised blends, however the differences are not large enough to cause the effects
detailed in the previous char reactivity studybsection 7.3rhe W species for example

shows the smallest variation between deralised and untreated samples, but the char
reactivity data does not correlate to similarities in performance, as the demineralised samples
have lower reactivity. In addition, the Bag shows identical VM yield production for both the
demineralised and tneated samples, suggesting peak devolatisation occurred. Hotever
differences in surface areas would suggest that the process or mechanism undergone differed
and should had provided a difference in production quantities. OC does show a reduction in
suface area and micropore volume that may correlate to the loss of reactivity, however
further analysis is needed to quantify this with certainty. As stated in Chapter 6, the impact

of the pyrolysis synergistic effect do not seem to be identifiable ori§abl& using gas

sorption analysis.
7.5.2- Analysis of AAEMs Relationship with Char Reactivity

The AAEMs content present in the ash content of the SA blended chars, including
demineralised, generated at 13Q0in a DTF for 200 ms are displayed below in Figtie
The full ash mineral content acquired through XdRfalysis for all SA blended chars are in
Appendix D The AAEM ash content stated in the graph includes CaO, MgO, NaO-énd K
A relationship between the total AAEM ash content and T90 time seemgptedent with a

decrease in reactivity being seen for the char samples with lower levels of AAEMSs.
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A regression analysis of the impact that AAEMs have on the reactivity of the SA blended
chars was undertaken using the statistical software packanj@iiBag, W and OC

blended samples were analysed whilst the other samples did not have enough data points to
provide a significant sample size. A simple regression analysis was conducted with a

confidence level set at 95%.

Both the Bag and W sample btendo not possess any statistically significant relationships,
signifying that the levels of AAEMs present in their respected ash contents are too low to
provide an increase in reactivity during char baut. This statistical analysis supported

by theresults stated in Chapter 5 thdtand Bag blends that did not observe any synergistic
char reactivity improvement$he relationship between the char reactivity and the AAEM
content of the varying OC blends is significant with a P value less than @88ading the
statistical likelihood of the relationship being a coincidence is less than 1 inTta®éfore,
aregression modedould befitted with confidence that its result could be used to predict
further resultsvhen all of the data setasused Thelinear modebroduced a relationship
thatachievel an R square valugf 81.1 %, as shown in Figure6/Having a high R square
value for the entire data set meant that the prediction of a result would have a high degree of
accuracy, however kgnalysinghe fitted line plot in Figure -B it can be seen that the

largest variation from the linear model occurred at the lowesvaR@s.
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By removing three outlying data points from the data set a different roodiel befitted by
the regression analdis, a quadatic model as shown in Figure77 This improve the R

square value to over 95%oweverin doing soreduced the number of data points within the
assessmenid a relatively low sample siz&2 points. All three of the outliers contained 75%
biomass within the blend mixture and therefore the model can be said to be a good

assessment for coal loadings of 50%igher.

In addition, within both models the intercept value when X=0 leavesafhag-zerovalue
therefore suggesting that there imaximumamount of AAEMs that will causeombustion

at such a rate thate samplavill have burnt instantlyThis is not possible due to the

inability to have instantaneous combustion, X will not reach 0, however there will come a
point at which the AAEMseach the maximum inherent quantity in the fuel and therefore
cannot increase further. This would mean that the minimum T90 time can be taken at the
maximum AAEMs quantity and that within this system nothing will occur above that

threshold.

The quadratienodel has several flaws that include having had to remove data points relating
to high biomass blends, a small data set and a gap at the 80 minute T90 time. By introducing
further data points through further testing of DTF chars all of these flaws caelteme

and therefore provide a better understanding of the catalytic processes occurring during co
firing. This relationship could be further used to develop a predictive model that could

provide optimised burout ratios for industry.
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7.6- Conclusions

1 The demineralisation process removed in excess of AAFMs from the majority
of biomasssamples whilst retaining structural integrity

1 Slow heating ramp rates produced VM contents that were higher than préalicted
the demineralised OC blendsatdral eror canexplainthe differences between all
other demineralised and untreated samples that may have exceed the predicted value.
Those samples that apatside ofthe assignedrrors are unlikely tobe experiencing
synergistic effectslue toTGA test condions Further testingvould berequired to
confirm cause

1 Fast heating ramp rate VM production increased through synergistic effects. Further
evidence that low ash samples allow a steam gasification process to occur with char
due to lack of competing chtarmation mechanisms

1 Cofired blends of high ash samples exhibit increased char reactivity that is caused
by the presence of AAEMs. Evidence tA®EM content of char ash indicatéhe
speed at which T90 time shall be compldtaehd. The trend isi\creasng AAEM
content leads tdecreasing T90

9 A quadratic model fitted to SA blended with OC at 50%igher loadinggprovides
a high degree of agreemehat a relationship exists between AAEM content and
char reactivity

1 Char reactivity of blended samples adsely effected by increase in VM yields. All
blended samples were less reaethan individual coal char

1 Gas sorption analysis provideo trends in equivalent surface area to explain

difference in reactivity of chars
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Chapter 8 Study into Impact of Co-firing on the Ignition Point

in a Drop Tube Furnace

8.1- Approach

Following the growing evidence of synergistic improvement in VM yield for low ash
samples and catalytic char bewat improvements in high ash sampliescribedn previous
chapters, a deeper understandihow these effects impach the overall combustion
process was necessary. To develop a better understaaditugly into the impact of eo

firing upon the ignition behaviour was conducted. The study comprised of observing the
particle ignition point fo a stream of particles, using a high speed camera to record the
ignition events. Details of the experimental setup and equipment used can be found in
subsection 3.5.1 and 3.5.2. Bag, W and OC were chosen to blend with the SA and Welsh
coal for this studyParticle sizing for mixtures were kept the same, with the blends

consisting of a 1:1 ratio.

The recorded images were processed through an automated analysis program that determined
the distance of each particle that had ignited from the entry poin¢ éfithace. The image
processing steps for analysis are listed in subsection 3.5.3. Upon completion of this study
severakxperimental and image processing issues have been identified that would need
rectifying before this data could be deemed quantifiedileer tharsemiquantifiablein its
current stateThe experimental issue is that the viewing port in the rig was not long enough
to capture all of the less reactive particles ignition points. The image analysis issues were
that the program was not abtedistinguish between all the small particles, creating larger
bodies that were not weighted appropriately when averaged and that particles were not
tracked through the images, thus the particles could be counted more thaicweeer,

the current statiical data collected in its flawed form helps emphasise the trends identified

by qualitative analysis.
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8.2- Qualitative Analysis

In the beginning the aim of this study was to provide a qualitative assessment of the impact
that cofiring may have on the flameshaviour and ignition points of the blended fuels

relative to the parent fuels. The following qualitative statements are based on studying the
video logs of each test howey#re entirety of the evidence could not be submitted into this
document. As sucla representative image of each parent fuel particle size classification and
the associated blendan be found i\ppendix E These images correspond to 1 image out

of 8000, based on two test runs, and therefore do not provide sufficient evidence to

correspond to the following statements about the fuel performances during the test.
The general trends observed during VBTgnition behaviour study were:

1 Both coal types, SA and Welsh, ignitetlag bottom of visual window

1 Biomass materials ignite identifiabtyoser tothefurnace entry point

I Biomass material ignites with greater intensity compared to that of the coal species

1 Blended samples can be seen to migrate tovthedmitry of furnace, exhibiting

behaviour similar to biomass

8.3- SemiQuantitative Assessmen
Using the automated Matlab image processing progtarexperimental studiecould
provide semiguantitative data that allowed a more comprehensible analysis to be conducted.
The processed image data underwent boxplot analysis in Minitab statistiesregbackage

to provide an understanding of the spread of the (@atpendixF).

8.3.1- Image Processing
After capturing the 4000olourimages for each teshesewere converted into greyscale,
thresholding completed to create a binary image and particledetiggtion used to identify
ignited particles. The process starts and firishigh images shown in Figurel8 The
program identifies each individual particle within an image, defined by the edge boundary,

and calculates the distance between the enthetéeeder probe and the central point of that
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particle. The distance is converted into a quantifiable measurement using a reference point
on the image. There is a black line acritesmage asin Figure 81, that corresponds to a

known distance from thieeder probe and provides the reference needed to convert to mm
scale. All of the particle distances for a test are recorded and are used to provide an averaged

particle ignition distance for a sample.

b)

Image Processing

——

Reference Line

Figure 8-1 Processing of an Image a) OC #350um b) OC 75150um after processing

Table 81 details the averaged distances of ignition for the parent fuels as well as the median,
interquartile range and number of particles recordied.number of particlesounted during
analysis has been reported to show that a significant number of individual particles have

been included in the statistical assessment -diricq performance.
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Table 8-1 Ignition Point Distance for Individual Fuels during VDTF

Average _ Interquartile Number of
Sample (um) _ Median (mm) _
Distance (mm) Range (mm) Particles (N)

Bag (75150) 213 214 79 20729
Bag (150300) 246 245 85 40814
W (75-150) 247 251 94 33858
W (150-300) 262 272 113 85884
OC (75-150) 226 230 127 29870
OC (150-300) 240 253 150 98470
SA (5375) 317 322 58 25672
SA (75150) 289 305 114 76594
Welsh (5375) 322 335 63 27775
Welsh (75150) 327 344 73 44518

It can be seen from the averaged distances that as stated in ttegigeigtudy that both

coals took a longer time to stastignitethan the biomass materials. Another trend that can
be seen is that the large patrticle size for each fuel registered a greater number of individual
particles during the test. This may beeda the smaller particles being identified as fewer

larger particles during image processing.

Of the three biomass speci@agwas seen to be thgiickest and most consistent fuel to
ignite with the shortest overall distance for ignition. The overalkoof biomass species
combustibility for 75150um is Bag > OC > W, whereas 18300um is OC > Bag > W. In
general, the OC and Bag display similar ignition points whilst Wgker. For the majority
of samples the median is higher than the averageddésteneaning that the fuels has a

greater number of extreme values at the shorter distance.
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The data provided by this image analysis progaaeflawed and therefore provides semi

guantifiable data. The experimental and processing limitations that itésisee

1 Differing intensity of burns creating thresholding issues. By setting the threshold
criteria too high particles undergoing start of ignition point would be missed,
however setting criteria too low produced large agglomerated particles duenseinte
burns creating halo effects

1 Grouping of individual particles being defined as one large particle, therefore not
being represented fairly during averaging results

1 Particles were not tracked throughout subsequent images due to complexity of

programmingtherefore being counted repeatedly

The limitations of the analysis technique may skew the dataghestever the technique was
consistent and provided data that could be quantified better than through studying of the

original images alone.

8.3.2- VDTF Study of SA Coal Blends
Table 82 detailsthe results of the VDTF study for the SA coal blended W@, Bag and W
species. Figure-8 then presents the data compared against predicted ignition distances
based on an additive relationship of equal characteristigeinfle. The prediction values

have been calculated using Equation 8.1.

01 QQQ0OO6 MBE O 6 Q¢ a Gi i m® Qi Equation 8.1
The results within Table-8 have only a small difference between the average distance and
median value suggesting a near symmetrical distribution of ignition poiraddition, the

range of spread for the blends follows a pattern of increasing variation through the blends,

Bag > W > OC.

158



Table 8-2 Ignition Point Distance for SA Blends during VDTF

SA Blended Average _ Interquartile Number of
_ Median (mm) _
Fuels (um) Distance (mm) Range (mm)  Particles (N)
SA:Bag
254 260 91 11981
(53-75:75150)
SA:Bag
221 213 99 28990
(53-75:150-300)
SA:Bag
256 259 84 38483
(75-150:75150)
SA'W
263 264 94 20019
(53-75:75150)
SA'W
261 267 112 62437
(53-75:150-300)
SA'W
272 277 101 41084
(75-150:75150)
SA:0OC
239 242 129 23367
(53-75:75150)
SA:0OC
281 289 103 56645
(53-75:150-300)
SA:0OC
236 237 140 44112

(75-150:75150)

Within the tabulated datéhe Bag and OC specigsre resultsfor the 75-150um blends,
suggesting that the biomass influences the performance of the mixture. HatveWr
speciegive similar results between the blends that use the SAS§8n fraction, suggesting
that the coal species controls influence. This mayeadlatk to ash content as the Bag and

OC both haing relatively high quantities of ash, whilst the W species has low ash content.

Within Figure 82 the coal value is represented by the grey bar, the predicted by the orange,

the observed by the blue and thiemass by the yellow.

When the blended samples average distances are compared agginstliicted values in
Figure 82 the Bag and W species exhibit similar treddse Bag and W species bajtve

improvements itheignition point distance in compaon with the predicted values for the

159



mixtures containinghe SA coal fraction53-75 um. The OC blends containing ti@C 75
150pum size fractiorpresent evidence of improvements in ignitwnilst the other mixture

with the 156300 um does not.
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8.3.3- VDTF Study of Welsh Coal Blends
The same experimental study used in subsection 8.3vAs repeated with the second
unreactive coathe Welshsample to determine whether the effects seen with SA coal could
be reglicated and confirmed. Table3Bdetails theesults of the VDTF study for the Welsh
coal blended with Oag and W species and Figurd resents the data compared against
predicted ignition distances. The same predictive method is used from Equation 8.1, based

on an additive relationship of equdlaracteristic influence.

Table 8-3 Ignition Point Distance for Welsh Blends during VDTF

Welsh Blended Average _ Interquartile Number of
_ Median (mm) _
Fuels (um) Distance (mm) Range (mm)  Particles (N)
Welsh:Bag
269 271 89 24188
(53-75:75150)
Welsh:Bag
244 245 104 52086
(53-75:150-300)
Welsh:Bag
274 275 82 63797
(75-150:75150)
Welsh:W
290 297 101 38930
(53-75:75150)
Welsh:W
289 290 90 56589
(53-75:150-300)
Welsh:W
278 280 98 71186
(75-150:75150)
Welsh:OC
264 273 146 467535
(53-75:75150)
Welsh:OC
276 288 123 61733
(53-75:150-300)
Welsh:0C
273 283 132 46868

(75-150:75150)

The majority of the Bag and W blended samples have a minimal difference between the
average distance and median value showing dasityiito the SA Blends. The OC blends
and the WelsiW blend of 75/53 have differences of approximately 10 mm suggesting a

skew of the data set towards shorter distances for ignition.
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The Bag and OC specibtend results, shown in Table38 for mixtureswith the biomass
75-150pum fractions have similar average distances for ignition, whilst W is seen to have
much higher distances than the other biomass species across all particle mixtures. The W
mixtures that contain the 5% um SA fraction provide ideital average ignibn distance,
however the medians show that the mixtures have different distribution profiles. With the
Bag and OC experiencing similar trends as to those sdenthre SA study and W blends
seemingly showing more coal based influentes ash content of the biomass may be

playing an important role in the observed results.

Figure 83 uses the same formaty series as subsection 8.arid therefore representation of

the different values is kept constant. The OC species shows smathskesin relation to the
predicted values for all of the mixture blends. Both Bag blends containih§@jsm

particles show small increases relative to the predicted values, whilst the blend using the
150-300um performs better than the individual biomaBise W blends show no real trend

with the 75/53 blend providing an increase in average distance time and the other two blends

producing reductions.

The unreactive nature of the Welsh coal material did seem to prevent all of the material from
igniting duiing testing. In addition, the frame of the camera and the viewing port of the rig
seemed to be too short to provide enough distance for all of the coal ignition to be captured.
Therefore the Welsh study may have beampeed by the raw fuel values being
underestimated and thus adversely lowering the prediction values for comparison. To
provide a more comprehensive study the testing would need to be repeated in a test facility

with a longer viewing port.
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8.4- Conclusions

1 Both qualitative and quantitativesessment of high speed camera recordings
identified the large difference betwettre pointsof coal and biomasgnition

9 For both theNelsh and SA coathehigh ash biomass blends suggested théat the
point of ignitionwas dictated by the biomass spectkee to matching trend patterns

1 Low ash sample, W, suggested that the coal species dominated the characteristics
due to the 55 um coal fraction blends having similar average distabeésre
ignition

1 Image processing analysis needs refinement to remmswes such as repeated
capture of particle and agglomeration of smaller particles

1 TheWelsh coal blendidtances to the point of ignitianay be underestimated the
coal samplevasnotcompletly igniteddueto thelength of viewing port being too

shot

165



Chapter 9 Discussion of Significant Results

The first significant results found in this investigation into the effects-dificg unreadive

coal with biomass was the observation of synergistic improvements of VM yields at fast
heating ramp ratefer low ash lbmassspeciesin the fast heating char generation

conditions, DTF, the gaseous materials are present throughout the pyrolysis process due to
the instantaneous temperature increase that the particles experience. On exist of the water
cooled probe the pécte experienced 130 and therefore devolatisation occuroeebr
millisecondtimescales rathg¢han the minutetimeframe of TGA or HTFMoisturevapour

is therefore available for interaction with the particle surface promoting the removal of VM
througherhanced steam gasification. The inherent moisture content of the biomass and
lower VM temperature allow this mechanism to influence the VM yield of coal and biomass

blends.

The observation of no synergistic effects relating to VM at slow heating raegpdaring
pyrolysis is an important result to provide evidence of the steam gasification mechanism.
The importance of this finding is to establish that the presence of gaseous material, both
combustible and moisture, are key to improving the VM yield. mbthod used to achieve
slow heating ramp rates had a purge gas sweep that removed gaseous material as it was
formed. Therefore it could not be present during later pyrolysis and could not influence the

devolatisation process.

A competing mechanism of chimrmation occurred during fast heating ramp rate

conditions. The AAEMs within the biomass ash played a pivotal role in promoting char
formation, which countered the mechanism for synergistic effects relating t&v¥ence

for this competing mechanism waeen by the lack of synergistic effects that occurred with
high ash biomass species, such as OC and Mis. Once the AAEMs had been removed from
the ash of biomass this competing mechanism was removed and the enhanced steam
gasification dominated. This wakown by the significant increases in VM that were
exhibited by the OC blends made with the demineralised OC fuel.
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The second significant result found during this investigation was the increase in char
reactivity observed for the chars of coal blendedh\wigh ash biomass. Observations of this
effect were made at both heating ramp rate regimes. The study further proved that the
increases in reactivity were due to a catalytic mechanism that involved the AAEMSs.
Removal of the AAEMSs from the biomass fuelated blended char samples that upon-burn
out produced reactivity results lower than the starting coal material. The effect of removing
the AAEMs reduced reactivity below that of coal char due to the secondary effect of
increasing VM through synergistic effts. The removal of addition VM meant a reduction in

easily combustible material that would propagate combustion through the material.

The ability to identify and begin to fit a predictive model to the relationship between biomass
ash AAEMs and unreactvcoal blends is significant. By determining the ash minerals that
cause improvebdurn-out performance the catalytic mechanism can be isolated and further

studied, improving the understanding around the reactions.

Thirdly, the results relating to varyingal loadings are significant due to the ramifications

that they could have on the industriatfoing industry. At 75% coal weightings the W and

Bag species displayed increased VM yields suggesting improvement of coal blends could be
achieved at reduceddmass weightings. Therefore with further investigation the biomass
loading could be optimised to help unreactive coal specimens to increase VM yield whilst
not reducingenergy production. By improving the VM yield, ignition temperature can be

decreased a@ha more stable flame produced.

In addition, the OC demonstrated significant improvements of chardutnproperties at the
higher coal loading of 75%. This improvement could allow for a reduction in the unburnt
carbon found in the ash of unreactive doald in pulverised fuel boilersy reducing the
burn-out time. The displayed effect of-¢oing with high ash biomass species to increase
char reactivity could further enable unreactive coals that could not be burnt in short
residence time boilers to lsensidered in this system. Both effects have the potential to

improve the combustion efficiency of unreactive coals in an industrial setting with further
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optimisation.Furthermore with evidence that limited quantities of biomass material be
present to prduce significant increases in char reactivity, biomass fuel could be replaced

with biomass ash as an additive rather than fefirow purposes.
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Chapter 10 Conclusions and Future work

10.1- Conclusions

The investigation into biomass-fioing to improve the burout ofunreactive coals in
pulverieed fuel combustion has delivered several key sets of conclusions. The first set of

conclusions relates to those drawn from the devolatisation phase of the combustion process.

At heating ramp rate conditions achieved through &, T8B °C/min, 500°C/min and 2000

°C/min, no synergistic effects were observed for any of the samples prepared. At ramp rates
that repliate those achieved in a pulvexdsfuel boiler for power generation uses, synergistic
improvements were observed for UNelds of coal blends made with low ash biomass

species. These species included W, Euc and Z. The mechanism believed to be responsible for
the rise in VM production at these conditions is a steam gasification that benefits from the
moisture content of theiomass. The reason this process is not seen as readily for the higher
ash biomass species, such as OC and Mis, is due to the competing char formation mechanism
created by the presence of high enough levels of AAEMs. Whilst Bag had the largest ash
contentof all the biomass species tested it behaved in the same manner as the low ash
samples. Bag possess physical properties unlike that of the other high ash species, being that
it is extremely low in density, therefore it is believed that due to the higimeobf material

needed to blend on a weight basis with coahimalash containing AAEMsomes into

contact with the cogarticleduring devolatisation.

The second set of conclusions relate to the char reactivity testing oftlevalatised chars.

It has been shown that across both slow and fast heating ramp rate conditions the content of
AAEMs in the ash of the biomass provides a catalytic improvement in the blended samples
char burrout performance. High ash biomass blended chars created usirgiootieating

via HTFandfast heating vidTF techniques showed a significant increase in the char
reactivity. Low ash sample biomasses and Bag showed no improvement to the char reactivity

expected when blended with the coal chars. Chars generated at atow kenditions did
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show increased surface area in relation to the fast heating counterparts that correlated with an
increase in reactivity, however the significant increases observed in the high ash samples

blends could not be attributed to char struatdifferences.

The final set of conclusions came from the testing of partially demineralised biomass that
had undergone an acid wash treatment to remove the AAEMs from the ash content. When
chars of the blended SA coal and the demineralised biomasssspeceegenerated at slow
heating conditions no synergistic effects were observed, @ttivadvariation of material

and experimentarrorexplaining differencedaVhen the same samples had chars produced
under fast heating ramp rates all materials expeeig synergistic improvement of VM

yields. This finding provideduirther evidencéhat asteamgasification mechanism caused

the synergistic effect, as the removal of ash mineral content removeantipeting char

formation mechanism.

In addition, with theemoval of AAEMSs from the ash content the previously observed
catalysed improvement of char btont disappeared. The dual effect of increased removal of
VM during devolatisation and the decreased catalytic effect of AAEMs meant that the
demineralised matials presented worse performances than individual coal char. Two
regression analysis models were fitted to evaluate the relationship between SA and OC char
blend AAEMs content and reactivity. The first suggested a linear model covering the
complete codloading range, 25% up to 90%, whilst the second quadratic model provided a
better statistical agreement for coal loadings between 50% and 90%. Both conclusively
stated that there is a strong relationship associated between char reactivity and the AAEMs
present in the ash content.

A study investigated the ignition distance of coal and biomass blended mixtures in
combustion conditions aiming to observe whether the effects found in the devolatisation and
char burrout studies would decrease the time takengioition to begin. Both qualitative

and semiguantitative analysis of the captured particle ignition distances provided

inconclusive results and further investigation would be necessary.
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10.2- Future Work

This study has demonstrated the synergistic and cataffgicts that occur during daring

in pulverised fuel combustion conditions for different biomass species. Coal blended with

high ash biomass species demonstrate a catalytic increase in the reactivity of char during

burn-out, whilst when blended with loash biomass materials a propensity to produce

higher quantities of VM during the devolatisation occurred. To further investigate these

findings and to aid in the encouragement ofidag in large scale power generation

operations the following areaswbrk are proposed:

1

Industrial cefiring operations that work on a direct feed basis are likely to operate
with small weightings of biomass to coal. To determine whether the demonstrated
effects observed during this study would be of benefit to these mper&irther

blends of high ash biomass species should be investigated in the coal loading range
of 75% to 90%. 90% loadings of unreactive coal showed no improvement of char
burnrout performance whilst 75% showed significant increases in reactivity for hig
ash biomass species. Therefore by conducting a series of further blended ratios in
this range an optimised condition could be found.

Indirect cofiring operates by the addition of gasified biomass into the coal boiler
therefore removing the issue of delmations. This technique of €wing would

also remove the ash mineral content that has been illustrated in this study to provide
the burnout improvements that would allow unreactive coal to be burnt more
efficiently. The AAEMs that have been demont&ideto provide the catalytic

increases in char reactivity are extremely volatile by nature and are known to
volatise during pyrolysis. Therefore it would be of interest to conduct a study that
investigated the coal char reactivity in the presence of gddifbmass containing
AAEMs to establish whether the catalytic improvements can be replicated.

In this study a relationship between AAEMs and char reactivity has been produced

with limited data sets and for limited biomass species. As it was seen teivthe
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heating ramp rate conditions could provide increases in char reactivity, a study of
further unreactive coals and biomass materials with ash content that would be
considered high could be undertaken at slow heating conditions. By creating further
datasets the relationship model between AAEMSs and char reactivity could be better
understood. The increased database of results could be used to develop a refined
predictive model. In addition, the increased understanding of the synergistic and
catalytic effets observed during efiring could be factored in to existing CFD and
chemical based modelling, such as FLASHCHAIN, techniques used for
devolatisation and combustion kinetic modelling to improve the accuracy of
findings.

The next stage in the evolutiontbfs study would be to trial blends of unreactive

coal and biomass on a pilot scale facility. A pilot scale facility with the ability to
sample flue gas at different points and monitor energy output would enable a deeper
understanding of the mechanisms @angacts of synergistic and catalytic effects.

The DTF can be said to be a reasonable simulation of combustion conditions of a
large scale pulverised fuel boiler, however it is limited to small sample sizes. By
trialling the cofiring of unreactive coalsta pilot scale facility, in the order of a

1MW furnace, the generation of large quantities of sample can be achieved that has

been generated in a system that models the complete combustion process.

172



Chapter 11 References

World Energy ResourceBngland and Wale2013World Energy Council.

A. C. FIELDNER, A. E. H. A. L. F. 1918. The Fusibility of Coal Ash and the Determination
of the Softening Temperatur@.: INTERIOR, D. O. T. (ed.). Washington:

Government Printing Office.

A. GANI, 1. N. 2007.Effect of cellulose and lignin content on pyrolysis and combustion

characteristics for several types of biom&&snewable Energi2, 649-661.

A. K. SADHUKHAN, P. G., T. GOYAL, R. K. SAHA 2008. Modelling of pyrolysis of ceal
biomass blends using thermograetric analysisBioresource Technolog$9,
80228026.

A. N. HAYHURST, H. R. N. J. 1989. The effect of metallic additives on ionisation and soot

formation in oxyacetylene flamesCombustion and Flamé&g, 339-356.

A. N. HAYHURST, M. S. P. 1998. Doeslgbcarbon burn in oxygen to give the gaseous
intermediate CO or produce ¢@rectly? Some experiments in a hot bed of san
fluidised by air.Chemical Engineering Sciencs, 427-438.

B. S. BREWSTER, L. D. S., S. H. BARTHELSON, D. E. THORNOCK 1995. Model
comparisions with drop tube combustion data for various devolatilisation submodels.
Energy and Fuels), 870-879.

B. WANG, L. S., S. SU, J. XIANG, S. HU, H. FEI 2012. Char structural evolution during
pyrolysis and its influence on combustion reactivitginand oxyfuel conditions.

Energy and Fuels

X.J.BAIl, G.LU, T.BENNET,A. SARROZA,C. EASTWICK, H. LIU, & Y. YAN, 2017.
Combustion behavior profiling of single pulverized coal particles in a drop tube
furnace through higspeed imaging and image ars$/Experimental Thermal and
Fluid Science85, 322-330.

173



L. BAXTER, 2005. Biomassoal cecombustion: opportunity for affordable renewable
energy.Fuel, 84, 12951302.

N. BERKOWITZ, 1994 An introduction to coal technologfcademic press Inc.

BP 2017. BPFstatistical Review of World Energy.

C. A. QUERINI, L. M. C., M. A. ULLA, E. E. MIRO 1999. Catalytic combustion of diesel
soot on Co, K/MgO catalysts. Effect of the potassium loading on activity and
stability. Applied Catalysis B; Enviroment&p, 165-177.

C. SATHE, Y. P., C. Z. LI 1999. Effects of heating rate anddwchangable cations on the
pyrolysis yields from a victorian brown co&@nergy and Fuels] 3, 748-755.

C. SNAPE, E. L., A. MALMGREN 2007. The effect of biomass on PF combustion
efficiency and ash properties during coal/biomasscombustionProject B77.
BCURA.

D. CHAVES, M. TRUJILLO, & J.BARRAZA, 2015. Global and Local Features for Char
Image Classificatiorin: VICENTE, J. M. F., ALVAREZSANCHEZ, J. R., LOPEZ,
F. D., TOLEDOMOREOQ, F. J. & BELI, H. (eds.)Artificial Computation in
Biology and Medicine, Pt I.

D. H. COTTON, N. J. F., D. R. JENKINS 1971. Suppression of soot emissions from flames
by metal additivesl?7.

D. J. BUSHNELL, C. H., A. DADKHAHNIKOO 1989. Biomass Fuel Characterization:
Testing and Evaluating the Combustion Characteristics of Selected Biomass Fuels.

Oregan State University: Corvallis: Department of Mechanical Engineering.

D. J. NOWAKOWSKI, J. M. J. 2008. Uncatalysed and potassiatalysed pyroloysis of the
cell-wall corstituents of biomass and their model compouddsrnal of Analtyical
and Applied Pyroloysisg§3, 12-25.

174



D. W. VAN KREVELEN 1993.Coal, Amsterdam, London, New York, Tokyo, Elsevier.

DECC 2014. Increasing the use of lgarbon technologies.

E. BIAGINI, F. L., L. PETARCA, L. TOGNOTTI 2002. Devolatilization rate of biomasses

and coal biomass blends: an experimental investigatiarel, 81, 1041-1050.

T. S.FARROW, 2013A fundamental study of biomass dugl combustion and €o

combustionUniversity of Notthngham.

T. S.FARROW,C. SUN, & C. E.SNAPE, 2013. Impact of biomass char on coal char-burn
out under air and oxjuel conditionsFuel,114, 128-134.

T. S.FARROW,C. G.SUN, &C. E.SNAPE, 2015. Impact of CO2 on biomass pyrolysis,
nitrogen partitioning, 1@d char combustion in a drop tube furnakmurnal of
Analytical and Applied Pyrolysi§13 323331.

FCCC, U. 2015. Adoption of the Pairs Agreemémt NATIONS, U. (ed.). Framework
Convention on Climate Change.

A. FEUGIER, 1978. Effect of metal additivea tha amount of soot emitted by premixed
hydrocarbon flamesCombustiorevaporation of fuels.

G. MUL, F. K., J. A. MOULIJN 1997. Catalytic Oxidation of model soot by metal chlorides.
Applied Catalysis B; Enviromental2, 33-47.

H. HAYKIRI-ACMA, S. Y. 2007. Synergy in devolatilisation characterisitics of lignite and
hazelnut shell during epyrolysis.Fuel, 86, 373-380.

H. HAYKIRI-ACMA, S. Y. 2010. Interaction between biomass and different rank coals
during copyrolysis.Renewable Energb, 288-292.

H. SPLIETHOFF, K. R. G. H. 1998. Effect of @@mbustion of biomass on emissions in
pulverized fuel furnace$uel Processing Technolodgy4, 189-205.

175



T. A. HENDRICKSON, 1975Synthetic Fuels Data HandbodBenver, Colo., Cameron

Engineers.

I. G. C. DRYDEN 193. Carbonization and Hydrogenation of Collew York, United

Nations.

J. B. HOWARD 1981. Fundamentals of coal pyrolysis and hydropyrolysiELLIOT, M.
A. (ed.)Chemistry of coal utilisatiorNew York: Wiley.

J. M. JONES, L. I. D., T. G. BRIDGEMAN, MPOURKASHANIAN, A. WILLIAMS 2007.
An investigation of the thermal and catalytic behaviour of potassium in biomass
combustionProceedings of the Combustion Institi8#, 19551963.

J. M. JONES, M. K., K. KUBICA, A. B. ROSS, A. WILLIAMS 2005. Devolatilisati
characterisitcs of coal and biomass bleddsirnal of Analytical and Applied
Pyrolysis,74, 502-511.

J. V. IBARRA, R. M. A. J. M. P. 1991. Catalytic effects of zinc chloride in the pyrolysis of
Spanish high sulphur coalsuel, 727-732.

J. YU, H. D.Laboratory 10; Thermogravimetric Analygi®nline]. lowa State University.
Available: https://sites.google.com/aliastate.edu/labordtBitphermogravimetric

analysis/history.

J. YU, J. A L, T. F. WALL 2007. Formation of the structure of chars during diisation
of pulverised coal and its thermoproperties: A revievagress in Energy and
Combustion Scienc83, 135-170.

D. R.JENKINS, 1972. Proposed mode of action of alkalin earth metals in suppressing soot.
Combustion Science and Technoldegs-249.

K. MURAKAMI, H. S., J. OZAKI, Y. NISHIYAMA 1996. Effects of metal ions on the

thermal decomposition of brown co&liel Processing Technologd6, 183-194.

176



L. HANNING, C. Q., Z. XIAOHUI, F. N. KAREN, V. N. SHARIFI, J. SWITHENBANK
2012.Applied Thermal Engieering 71-80.

L. ZHANG, S. X., W. ZHAO, S. LIU 2007. Cpyrolysis of biomass and coal in a free fall
reactor.Fuel, 86, 353-359.

K. LE MANQUAIS, C. E.SNAPE,|. MCROBBIE, & J.BARKER, 2011. Evaluating the
Combustion Reactivity of Drop Tube Furnace anériitogravimetric Analysis Coal
Chars with a Selection of Metal Additivesnergy & Fuels25, 981-989.

H. LIU, 2013. Combustion and Pollution Control Lecture Setigversity of Nottingham,
Section 4.

M. J. G. ALONSO, A. G. B., D. ALVAREZ, R. MENEDEZ 200A reactivity study of
chars obtained at different temperatures in relation to their petrographic
characterisitcg-uel Processing Technolog§9, 257-272.

M. SAMI, K. A., M. WOOLDRIDGE 2001. Cdiring of coal and biomass fuel blends.
Progress in Energyrad Combustion Sciencgy, 171-214.

M. VAROL, A. T. A., B. BAY, H. OLGUN, 2010. Investigation of emmbustion
characteristics of low quality lignite coals and biomass with thermogravimetric
analysis.Thermochimica Act&g10, 195-201.

K. LE MANQUAIS, 2011.Combustion enhancing additives for coal firingniversity of
Nottingham.

H. MARSH, 1989.Introduction to Carbon sciencepndon, Butterworths.

N. S. BENTSEN, C. F. 2012. Biomass for energy in the European Unioeview of

bioenergy resource assessmseBtotechnology for Biofuels.

N. V. RUSSELL, J. R. G., J. WILLIAMSON 1999. Structural ordering in high temperature
coal chars and the effect on reactivityel, 78, 803-807.

177



T. NUSSBAUMER, 2003. Combustion and €€ombustion of Biomass: Fundamentals,

Technologies,and Primary Measures for Emission Redudfinergy and Fuelsl?7,
15101521.

P, D., P. GHETTI, L. BONFANTI, G. DE MICHELE 1996. Investigation of the combustion
of particles of coalFuel, 75, 10831088.

P. F. H. HARMSEN, W. J. J. H., L. M. BERUDEZ LOPEZ, R. R. C. BAKKER 2010.
Literature Review of Physical and Chemical Pretreatment Processes for
Lignocellulosic Biomass. Food & Biobased Research.

P. JENKINSON 2012. Literature ReviewA New Classification System for Biomass and
Waste Materialsdr their use in Combustion. BF2RA Report.

G.PIRASTEH,R. SAIDUR, S. M. A.RAHMAN, & N. A. RAHIM, 2014. A review on
development of solar drying applicatiof®newable & Sustainable Energy
Reviews31, 133148.

J. G.POHLMANN, E. OSORIO,A. C. F.VILELA, & A. G.BORREGO, 2010. Reactivity
to CO2 of chars prepared in O2/N2 and O2/C0O2 mixtures for pulverized coal
injection (PCI) in blast furnace in relation to char petrographic characteristics.
International Journal of Coal Geolog4, 293-300.

A. PRABHAKAR, A. K. SADHUKHAN, B. KAMILA, & P.GUPTA, 2017. Modeling and
Experimental Studies on CO2 Gasification of Coarse Coal Char Pdetidegy &
Fuels,31, 26522662.

R. JOLLY, H. C., J. P. BOUDOU AND J. M. GUET 1988. Catalytic effect of Zm@ting
coal pyrohysis.Fuel Processing Technologyl-60.

R. MENENDEZ, J. M. V., H. MARSH 1993. The use of scanning electron microscopy for

classification of coal chars during combustiBnel, 72, 611-617.

178



. OFFERMANN, T. S., D. THRAN, M. KALTSCHMITT, S. ZINOVIEV, S. MIERJS
2011. Assessment of global bioenergy potenthisg Adapt Strateg Glob Chang,
16,103-115.

. V. VASSILEV, C. G. V. 1996a. Occurrence, abundance and origin of minerals in coals

and coal asheguel Processing Technology8, 85-106.

. V.VASSILEV,D. B, L. K. ANDERSEN, C. G. VASSILEVA 2010. An overview of the
chemical composition of biomadsuel, 89, 913-933.

. V. VASSILEV, D. B,, L. K. ANDERSEN, C. G. VASSILEVA 2013a. An overview of the
composition and application of biomass ash. Part 2. Paltenitisation,
technological and ecological advantages and challeRge$.105 19-39.

. V. VASSILEV, D. B, L. K. ANDERSEN, C. G. VASSILEVA 2013b. An overview of the
composition and application of biomass. Part 1. Phasgeeral and chemical
compositon and classificatiorfuel, 105, 40-76.

. V. VASSILEV, K. K., C. G. VASSILEVA 1996b. Some relationships between coal rank
and chemical and mineral compositiéinel, 75, 15371542,

. V. VASSILEV, K. K., C. G. VASSILEVA 1997. Relations between ash yéeld

chemical and mineral composition of codsiel, 76, 3-8.

.V.VASSILEV, K. K., S. TAKEDA, T. TSURUE 1995. Influence of mineral and
chemical composition of coal ashes on their fusibifyel Processing Technology,
45, 27-51.

. V.VASSILEV, R. M.,D. ALVAREZ, M. DIAZ-SOMOANO, M. R. MARTINEZ
TARAZONA 2003. Phasenineral and chemical composition of coal fly ashes as a
basis for their multicomponent utilisation. 1. Characterization of feed coals and fly
ashesFuel,82,17931811.

179



A. C.SARROZA,T. D. BENNET, C. EASTWICK, & H. LIU, 2017. Characterising
pulverised fuel ignition in a visual drop tube furnace by use of agpgkd imaging

techniqueFuel Processing Technologd57, 1-11.

K. L. SMITH, 1994.The structure and reaction processes of chalv York, Plenum Press.

L. D. SMOOT, 1979. General Characteristics of CaalSMOOT, L. D. & PRATT, D. T.
(eds.)PulverizedCoal Combustion and GasificatioNew York and London: Plenen

Press.

N. STERN, 2006. The Stern review on the economics of climategeh&ondon: HM
Treasury.

T. CORDERO, J. RM., J. PASTRANA, J. J. RODRIQUEZ 2004. Improved solid fuels
from co-pyrolysis of a highsulphur content coal and different lignocellulosic wastes.
Fuel, 83, 15851590.

F. T. C.TING, 1982. Introductioforigin of coal and coal macerals: MEYER, R. A. (ed.)
Coal StructureLondon: Academic press inc.

S.TKALITCH, 1969. Some general regularity on element contents in ash of plants.
Biogeochemcial research of ore depoditlan-Ude (Moscow): Izdaelstvo Academii
NaukSSSR.

UNFCCC 2005. Clarification on definition of biomass and consideration of changes in
carbon pools due to a CDM project activity. United Nations Framework; Convention

on Climate Change.

H. B.VUTHALURU, 2004. Investigations into the pyrolytic behaviai coal/biomass

blends using thermogravimetric analy@goresource Technolog9?2, 187-195.

O. Williams, O., 20150n Biomass Milling for Power Generatiasl.:University of

Nottingham.

180



O.WILLIAMS, C.EASTWICK, S.KINGMAN, D. GIDDINGS,S.LORMOR, &E.
LESTER,2015. Investigation into the applicability of Bond Work Index (BWI) and
Hardgrove Grindability Index (HGI) tests for several biomasses compared to
Colombian La Loma coakuel, 158 379-387.

O.WILLIAMS, G.NEWBOLT, C. EASTWICK, S.KINGMAN, D. GIDDINGS, S.
LORMOR, & E.LESTER, 2016. Influence of mill type on densified biomass
comminution. Applied Energy182 219-231.

T.WU, E.LESTER, &M. CLOKE, 2006. Advanced automated char image analysis
techniquesEnergy & Fuels20, 1211-1219.

X. LI, J. 1. H., C. Z. LI 2006. FARaman spectroscopic study of the evolution of char
structure during the pyrolysis of a victorian brown céalel, 85, 1700-1707.

X. ZHANG, W. Y., W. BLASIAK 2011. Modeling Study of Woody Biomass: Interactions
of Cellulose, Hemicellulose and LigniBnergy and Fuel5, 47864795.

Y. ZHAO, H. Y. K., S. S. YOON 2007. Transient group combustion of the pulverised coal
particles in spherical clouéuel, 86, 11021111.

N. A. O. A. Y.YURUM, 2000. Effect of catalysts dhe pyroloysis of Turkish Zonguldak
bituminious coalEnergy and Fuel|820-827.

181



Appendix A Fuel Selection Testing

To ensure that the coal used throughout this project met the predefined criteria of being
deemediunreactive, a low to mid volatile bitumous coatthad slow char burn out

capability, a char reactivity study was carried out on the original 7 coal samples. The study
used the testing methodology described in subsection 3.4.1 with the results shown in Table
A-1.

The first thing to note is that the V&l coal sample has two entries within the results table.
This is due to the Welsh coal being unreactive to the extent of hot completinguiwver

a six hour period, thus the isothermal temperature was raised € @2&bling the Welsh to
burn-out slightly faster than the slowest at 525 Venezuelarkor this reason the Welsh
was one of the two coals taken forward, however it was of-aarticite ranking not
bitumous as the criteria asked for. The second coal cliosstudy in this investigatiowas
the South African coal. Though its performance in this test meant it ranked third slowest,
behind Venezuelan and Welsh, it was deemed of more industrial impattiancie

Venezuelan coal.

Table A-1 Char Burn-out of Coal Candidates at 525C, unless stated

Coal T90 1st Order Rate Constant
(5375 & m) (min) (min-Y)
Welsh* N/A 0.0082
Venezuelan 88.98 0.0259
Welsh 625°C) 83.04 0.0277
South African 61.63 0.0374
Colombian Seam 115 48.29 0.0477
Colombian Seam 45 47.10 0.0489
Colombian Caypa 39.59 0.0582
Colombian Seam 170 14.03 0.1642

*Complete Burrout not reached, 62.5% achieved

To ensure that the biomass used throughout this project met the predefined criteria of
providing awide range of alkali and alkaline earth metals (AAEMs) contents, XRF testing
was couucted using the methodology provided in subsection 3[2lde A2 details the

ash analysis of the candidate biomasses that were cut down to 6 for the investigation.
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Table A-2 Comparison of the Ash Analysis of Candidate Biomass Fuels

Biomass (150  Olive White Raw Steam ) Commercial Microwave  Mixed
Eucalyptus ] Miscanthus ] Sunflower ]
300 er Cake Wood Bagasse Torrefied Torr efied Torrefied Wood
Ash (db%) 10.47 0.54 9.30 0.64 2.76 9.07 3.18 3.75 0.44 1.57
Sio2 0.90 0.01 3.73 0.08 0.13 1.63 0.18 0.07 0.01 0.20
AI203 0.19 0.00 1.15 0.04 0.03 0.11 0.03 0.45 0.00 0.08
Fe203 0.17 0.02 0.50 0.05 0.09 0.86 0.14 0.36 0.04 0.25
TiO2 0.01 0.00 0.08 0.00 0.00 0.01 0.01 0.00 0.00 0.00
CaO 1.27 0.18 0.40 0.13 1.33 0.61 1.20 0.47 0.12 0.29
i MgO 0.50 0.03 0.18 0.04 0.11 0.14 0.14 0.31 0.02 0.12
2 Na20 0.13 0.01 0.00 0.02 0.04 2.39 0.04 0.00 0.00 0.04
= K20 3.54 0.09 0.44 0.07 0.30 0.74 0.44 1.23 0.08 0.14
Mn304 0.00 0.01 0.01 0.01 0.03 0.01 0.01 0.00 0.01 0.01
P205 0.47 0.02 0.21 0.02 0.05 0.19 0.16 0.20 0.02 0.04
SO3 0.24 0.03 0.09 0.02 0.06 0.18 0.10 0.30 0.02 0.04
Trace Metals 0.25 0.01 0.01 0.01 0.03 0.16 0.01 0.05 0.00 0.01
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Appendix B Horizontal Tube Furnace (HTF) Char

Reactivity Compared to Thermogravimetric Analysis (TGA)

To ensure the generation of TGApresentedharthrough HTF conditions a study into the
optimal conditions to replicate TGA char reactivity was conducted. The study looked at
varying two conditions of the HT fheating ramp rate anckldurge flow rate. For all test

the HTF was ramped to 883G and left for 60 minutes, as described in subsection JBe3.

aim was to match the TGA apparent first order rate constant, k, and normalised carbon burn
out profiles axlosely as possible. The test was conducted on the SA coal material used in
the test program at a size fraction of B3um. TGA k value was equal to 0.067 for the SA

coal char burrout at 525C, as described in subsection 3.4.1.
Testing variable rangeak follows:

I Heating ramp rate between 5 and°@0min at 5°C increments

1 N2 purge flow rate between 1 and 3 L/min at ihcrements

From Figures BL and B2 it can be seen that minimal difference between the reactivity of
the chars occurred when conditsowere varied. In B the burrout profiles follow a similar
performance curve, whilst in-B k values range over 0.005. §he closest match to the k
value of TGA char was achieved using settings of 1 L/min flow.gfiMge gas at a heating
ramp rate ofl5°C. Therefore these were the conditions to prepare slow heating char in the

HTF for the reported samples throughout the research.
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Appendix C Optical Microscopy

Figure C-1 Optical Mosaic of SA53-75 um

'il",,““"‘:'% . J& : ‘M‘f'v.«

Figure C-2 Optical Mosaic of SA75-150pum
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Figure C-3 Optical Mosaic of Bag75-150um

Figure C-4 Optical Mosaic of Bag 150-300 um
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Figure C-6 Optical Mosaic of SA:Bag 5375:150-300pm

188



Figure C-8 Optical Mosaic of W 75150 um
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Figure C-10 Optical Mosaic of SA:W 53-75:75150 pum
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Figure C-11 Optical Mosaic of SA:W 5375:150-300um

Figure C-12 Optical Mosaic of SA:W 75-150:75-150 pm
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