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Abstract 

Biomass utilisation as a fuel in power generation has become an increasingly attractive 

prospect due to legislation and consumer awareness surrounding fossil fuels and their effect 

on climate change. However, a large portion of the world relies upon energy produced from 

readily available local coal sources. Large quantities of these local coals have low 

combustion efficiencies and energy outputs. An investigation was conducted to improve the 

combustion performance of these unreactive coals through the addition of small quantities of 

biomass in co-fired pulverised fuel conditions.  

To assess whether unreactive coal co-fired with biomass produced improved combustion 

performance a study of slow heating interactions was undertaken. Through the use of 

laboratory thermal conversion techniques, thermogravimetric analysis and horizontal tube 

furnace, slow heating ramp rates were achieved. Samples blended on a 50% coal loading 

experienced these conditions. Slow heating pyrolysis on a 50% coal loading displayed no 

synergistic improvement 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 burn-out testing, such as OC.  

Following the baseline observations for slow heating conditions, blended samples were 

subjected to fast heating ramp rate conditions, through the use of a drop tube furnace. At fast 

heating pyrolysis conditions on a 50% coal loading synergistic improvements of VM yield 

were observed for coal blends with low ash biomass species, such as W. High ash biomass 

species showed minimal evidence of synergetic increase to VM, instead displaying the 

catalytic improvements to char burn-out performance, as seen with slow heating rates. 

A trail of varying coal loading ratios was conducted to determine the quantity of biomass 

required to observe the greatest improvements and to ascertain the viability of findings at 

industrially relevant conditions.  
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Synergistic improvements in VM yield were caused by a steam gasification mechanism 

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 provided a deeper understanding 

of the influence that AAEMs had on char reactivity. A regression analysis provided a 

quadratic model that demonstrated a strong relationship between AAEMs and char 

reactivity, with a correlation coefficient R2 value in excess of 95%. 

A fast heating rate combustion test was conducted to determine whether improvement to 

ignition distance could be achieved through co-firing. Both qualitative and semi-quantitative 

analysis of the captured particle images were inconclusive as to improvements in ignition 

distance.  
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Chapter 1  Introduction  

1.1 - Context 

Due to the growing evidence of the harm that anthropogenic emissions are causing to the 

global eco-system through climate change, low-carbon technologies are being forced to the 

forefront of large-scale energy production and consumption industries (Stern, 2006). 

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 methods, which 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 fuel technologies for the foreseeable future is a 

necessity to meet the demands of an ever increasing global energy appetite (DECC, 2014). 

Utilisation of coal 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 sources is going to increase 

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 CO2 emission reductions to stop global temperatures rising above 2 oC. As 

part of the negotiations certain developing countries agreed to cap CO2 emission 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 the UK, however 

large quantities of coal fuelled energy generation shall continue to be produced through this 

traditional technology. 

To meet the targets set in the Paris Agreement governments and international bodies are 

restricting the carbon dioxide emissions of traditional generation methods through regulation 

of energy production, ensuring that large energy generators focus upon increasing 



2 

 

environmentally friendly methods, with legislation setting targets for the energy sector to 

adhere to. Within the UK, 15% of the energy demand must be met using renewable sources 

by 2020 and that CO2 emissions 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 begun to investigate and implement the use of 

alternative fuels, increasing efficiencies and emission clean up. In addition, in November 

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

Whilst coal consumption has decreased in the UK and the USA, the global usage of coal in 

2016 had increased compared to figures from 2005-2015 (BP, 2017). Large coal consuming 

countries, such as China and India, are making efforts to reduce coal usage. 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 cheap energy source. Of the locally 

available coal resources used globally, large quantities consist of low rank and unreactive 

coal that provide low energy outputs and low 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 greener energy. Biomass co-firing 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 and capital investment. Biomass is recognized as a carbon 

neutral renewable fuel that enables cuts to plant emissions through co-firing with coal on a 

short timescale. In addition, by using biomass to catalyse unreactive coal to produce a larger 

energy output the efficiencies of power stations operating with this coal type can be 

improved. Therefore the need to fully understand the implications and benefits of co-firing is 

of great importance to the power generation market. 
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1.2 - Rationale and Objectives 

It is clear that 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 coals, to increase the efficiency of energy 

generation. Additives based on alkali and alkaline earth metals (AAEMs) have been shown 

to improve combustion performance in pulverised fuel conditions. As biomass ash inherently 

has high levels of AAEMs it has been proposed that co-firing of coal with biomass may 

provide the same increases in performance. The current understanding of interactions 

between biomass and coal during co-firing is inconclusive as to significance of 

improvements during combustion. Therefore the need for an investigation to systematically 

identify and quantify these effects is needed. 

The aim for the research was to determine the extent to which additions of biomass can 

increase volatile yields, thus reducing ignition temperature, and improve char burn-out for a 

selection of unreactive bituminous coals. Unreactive coal is a relativistic term and for the 

purpose for this investigation it was defined as mid to low-volatile bituminous coal that 

exhibits low reactivity during pulverised fuel combustion. This leaves high levels of 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 achieved in the presence of biomass during the 

devolatisation phase. In 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 objectives would provide an understanding of the extent that biomass 

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 in-depth investigation into the synergistic and catalytic properties 

of co-firing biomass and unreactive coal would develop a full understanding of the 

implications and benefits of utilising this technology within the power generation industry. 
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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 geological era (Smoot, 1979). The coalification 

process occurs as biological, geological and chemical changes occur causing 

dehydrogenation, deoxygenation and condensation under elevated pressure and temperature 

(Marsh, 1989). 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 is seen 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 and 2011, with an 

increased production of 68% in the same timeframe (2013). Table 2-1 lists the five largest 

coal producing countries and their current predicted reserves, 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 competitive market come stable and predictable prices that 

allow developing nations to meet their new growing energy demands.  
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Table 2-1 Five largest coal producing countries (2013) 

 

2.1.2 - Ranking 

Coal fuel is a mixture 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 Figure 2-1. 

 

Figure 2-1 Ranking series for coal 
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As with biomass before, the higher the moisture content the lower the reactivity of the coal, 

due to the lowering of energy released as evaporation must take place. Hendrickson 

(Hendrickson, 1975) gives the following descriptions for each of the coal ranks; 

ñLignite, the lowest rank of coal, was formed from peat which was compacted and 

altered. Its color has 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 with 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 lost some 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 lignitic 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 color, is hard 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 coalification process.ò 

Coal has a large macromolecule network polymer structure that consists of aromatic clusters 

that are cross linked to other aromatic structures by bridges (Farrow, 2013). Therefore in 

addition to the increase in carbon content with the progression through the ranking series the 

aromaticity within the chemical structure also increases, shown in Figure 2-2. The increase 
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in double bonds, C=C, and the decrease in functional groups/heteroatom linkages explains 

the rise in energy output of higher ranked coals as C=C release more energy upon 

dissociation then the linkages.  

 

Figure 2-2 Aromatic structures found in coal ranks 

Even within the same coal rank the chemical structure and composition varies greatly, 

observed for lignite coal in Figure 2-3.These structural differences and the impurities that are 

found within the coal cause a difference in the quality of the coal within the ranking that can 

be termed its grade (I. 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 biochemical alterations that occur over time from the 

elevated pressure and temperature conditions.  

 

Figure 2-3 Lignite coal molecular structure representations (Matthews and Chaffee, 2012) 
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Due to this variability some 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 a sample and thus are used to characterize biomass for fuel purposes also.  

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

a coal sample. 

Ultimate analysis ï Gives a breakdown of the elemental composition of the coal by 

identifying the percentage of weight that an element contributes to coal sample.  

Bomb calorimetry ï Gives a calorific value that states the energy density of the coal sample.  

Particle size analysis ï This technique is used more during the utilization phase as it ensures 

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

Table 2-2 below shows typical composition data for the coal ranking series, with Anthracite 

the highest ranked and ranking decreasing down the list to Lignite. It can be seen that the 

higher ranked coals have lower moisture; however there is a large difference between 

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

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

 

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 
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materials termed macerals, which influence the structural properties. The 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 sub-sections (D. W. Van Krevelen, 1993); 

2.1.3.1 -  Inertinite  

Derived from partially carbonized plants or intensive biochemical processes (Ting, 1982), 

these macerals are comprised with lower hydrogen content than vitrinite and behave as inert 

additives during carbonization. Having higher reflectance and high carbon and oxygen 

content these macerals are further catergorised into reactive and unreactive components on 

the basis of their reflectance values. 

2.1.3.2 -  Liptinite (exinite)  

Derived from cuticle, resin and waxy materials exuded by plants, this group of macerals 

have the highest hydrogen content, volatile yield and heating value, leading to it being 

regarded as the most reactive group (Farrow, 2013). Due to low reflectance this group can be 

indistinguishable in white incident light, thus irradiation with UV or blue light must occur to 

enable clear viewing of their morphology (D. 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 tissue (D. W. Van Krevelen, 1993). 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 determine coal rank (Farrow, 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 inside of the material. These pores and passageways are 

formed during formation as the partially decomposed vegetation undergoes biochemical 

alteration. The capacity to adsorb gases and vapours, swell in vapours and liquids and 
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develop heat on wetting can all be attributed to the porosity of the microstructure (D. W. Van 

Krevelen, 1993). 

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

IUPAC developing the modern classification of pore size in 1972 (D. W. Van Krevelen, 

1993): 

¶ Macropores ï Diameter greater than 50 nm 

¶ Mesopores ï Diameter 2 ï 50 nm 

¶ Micropores ï Diameter 0.4 ï 2 nm 

¶ Submicropores ï 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 vary from coal 

seam to coal seam (I. G. C. Dryden, 1973). 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 different environments has vastly different 

mineral matter (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 minerals found in the crystalline matter of 

coal are quartz, kaolinite, illite, calcite, pyrite, plagioclase, K-feldspar and gypsum. Lesser 

abundant minerals include Fe oxyhydroxides and sulphates, dolomite, ankerite and siderite 

(S. V. Vassilev, 1996a). There are also many more minor and supplementary minerals found 

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 
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and Fe oxyhydroxides. 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, 1996b). This means that the minerals in higher rank coals are ash-

forming elements associated with detrital minerals. Low 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 composition the coal rank 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 ash-forming elements associated with detritial minerals (S. V. 

Vassilev, 1997). This, used with the knowledge of coal rank and the same ash-forming 

elements, it can be proposed that low rank coals are low ash forming and high rank coals 

being high ash forming.  

2.2 - Biomass 

The United Nations Framework; Convention on Climate Change(UNFCCC, 2005) states the 

following description of biomass materials; 

 ñNon-fossilized and biodegradable organic material originating from plants, 

animals and micro-organisms. This shall also include products, by-products, residues and 

waste from agriculture, forestry and related industries as well as the non-fossilized and bio-

degradable organic fractions of industrial and municipal wastes.ò 

Harmsen et al.(P. F. H. Harmsen, 2010) state that the term ñlignocellulosic biomassò is used 

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 residues, agricultural residues 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 emissions (N. S. Bentsen, 2012). 

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, which provide a higher 

energy potential. Whilst 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 America (R. Offermann, 2011). The development of biomass 

production in these areas may well become pivotal in meeting the targets set for 2050 of 

creating a 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 and torrefication, 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 expenditure. All biomass 

requires a drying process due to high moisture content inherent within biomass that can 

cause failure to combust at moisture levels over 67% (D. J. Bushnell, 1989). This process 

can be performed in various ways including using excess heat from the combustion process 

if moisture content is initially low enough (L. Hanning, 2012) or by using innovative solar 

energy technology for industrial drying (Pirasteh et al., 2014).  

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 described in further detail 

below.  



13 

 

2.2.2.1 -  Cellulose 

Cellulose is a polysaccharide consisting of glucose molecules linked by a ɓ-1,4, glucosidic 

bond that leads to cellulose having a long straight chain arrangement. The chemical formula 

of cellulose is (C6H10O5)n with many of the properties that the polymer displays dependent 

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 Figure 2-4.  

 

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 Figure 2-5.  

 

Figure 2-5 Cellulose sheets formed from hydrogen bonding between hydroxide groups 

(P. F. H. Harmsen, 2010) 

The sheets shown in Figure 2-5 will then coalescence together to form a crystalline structure 

that is very strong and resistant to hydrolysis. Biomass consists of around 50 weight 
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percentage cellulose that then forms a major part of the combustibles in biomass (X. Zhang, 

2011). 

2.2.2.2 -  Hemicellulose 

Hemicellulose is a collective term for a group of polysaccharides found in the plant cell wall, 

such as arabino-xylans, gluco-mannans 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 cellulose. Figure 2-6 shows a 

typical hemicellulose structure. 

 

Figure 2-6 Structure of a hemicellulose polymer found in an arborescent plant 

(P. F. H. Harmsen, 2010) 

The DP for hemicellulose falls in the range of 150 to 200 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 method (P. F. H. Harmsen, 2010). Hemicellulose would 

contribute 25-35% of the mass of dry wood, 28% of softwood and 35% of hardwoods.  

2.2.2.3 -  Lignin  

Lignin is an amorphous three-dimensional polymer, with phenylpropane units at the core. 

The most common phenylpropane units encounted are p-coumaryl alcohol, coniferyl alcohol 

and sinapyl alcohol, depicted in Figure 2-7. Within softwood (gymnosperm) 90% of lignin 

consists of coniferyl alcohol, with the remaining majority being p-coumaryl alcohol. On the 
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other hand, hardwood (angiosperm) lignin is made of varying ratios of coniferyl and sinapyl 

alcohol (P. F. H. Harmsen, 2010).  

Lignin is found between the plant cell walls, playing a vital role 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 formation (A. Gani, 2007). 

 

 

Figure 2-7 Schematics of 1) p-coumaryl 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 Table 2-3. The use of these different linkages 

within a lignocellulose compound create a complex, strong and highly cross-linked polymer 

that gives rise to the varying combustion performances of different biomass types dependent 

upon its botanical origin and environmental conditioning (P. Jenkinson, 2012).  
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Table 2-3 L inkages found 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 (interpolymer linkages) 

Ether bond 
Cellulose-Lignin 

Hemicellulose lignin 

Ester bond Hemicellulose-lignin 

Hydrogen bond 

Cellulose-hemicellulose 

Hemicellulose-Lignin 

Cellulose-Lignin 

 

2.2.3 - Fuel Characterisation 

Biomass can be regarded as being formed of four components that influence its fuel 

combustion performance. These components are: 

Å Moisture 

Å Volatile Matter 

Å Fixed Carbon  

Å Ash 

In general biomass fuels would have higher quantities of moisture, ash and volatile matter 

components compared with those of coal, thus 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 (0.1-1.0%) and trace (<0.1%) according to their concentration on a dry basis, detailed 

in Table 2-4. Trace elemental composition shows great variation with regards to differing 

biomasses. In addition, the overall elemental composition seems to be dependent upon the 
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cultivation conditions, harvesting techniques and pre-combustion processing methods (P. 

Jenkinson, 2012).  

Table 2-4 Biomass elemental composition categories (S. V. Vassilev, 2010) 

Category Elements 

Major (1.0%) C, O, H, N, Ca, K 

Minor (0.1-1.0%) Si, Mg, Al, S, Fe, P, Cl, 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. However, it is common to find a 

proportion of the organic forming elements composing part of the inorganic material and the 

inorganic forming elements composing part of the organic material (S. V. Vassilev, 2010). 

2.2.3.2 -  Moisture Content 

The moisture content 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 

combustion 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 rate to allow 

the combustion chemical reactions to proceed efficiently (M. Sami, 2001). Between varying 

biomass types and batches huge ranges of moisture content can be found 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 volatile matter component can be as high as 85% of its mass 

during the devolatilisation phase of the combustion process, whereas with coal, the volatile 
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matter yield will usually be less than 50% (Baxter, 2005). Volatile matter plays a major role 

in the ignition process of combustion due to its highly reactive nature (Farrow, 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 non-volatile solid component of the fuel left after the devolatilisation 

phase of combustion. As the gas-solid reactions during combustion are slower than gas-gas 

reactions, the presence of a higher fixed carbon content indicates a longer residence time for 

the particle. This is shown clearly with 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, Ti (S. V. Vassilev, 2013b). The variation in biomass ash 

is just as varied as the elemental variation in raw biomass with a dependence upon the 

biomass type and its conditioning(Tkalitch, 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 coal ash (S. V. 

Vassilev, 2013b).  

During the combustion process ash can form an inert layer around char particles, thus 

inhibiting combustion (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 occurs due to the melting 

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 system (M. Sami, 2001, 

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

means that 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 components (S. 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 generation (Nussbaumer, 2003). This section of the review will outline the 

fundamental 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 Manquais (Manquais, 2011) and Timpere Farrow (Farrow, 2013).  

The fundamental processes that occur during combustion differ slightly with respect to the 

fuel used, coal or biomass, with the main processes being drying, devolatilisation, volatile 

combustion and char combustion (Nussbaumer, 2003, Manquais, 2011, P. Jenkinson, 2012). 

The project related to this review is concerned with pulverized fuel (PF) combustion, which 

is assumed to proceed via a two phase process (Smith, 1994). The first phase being the 

drying and devolatilisation 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 decomposes solid fuel 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 process due to the production of the same 

products (Manquais, 2011). The products formed during the devolatilisation process are the 

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

Devolatilisation results in a 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 cross-linking reactions. These mechanisms occur 

at different 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 aromaticity and 

aliphatic groups (J. 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 - Volati le 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 system of multiple 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 monoxide and water vapour. The carbon monoxide 

then further undergoes reaction with oxygen to produce carbon dioxide (Y. Zhao, 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 undergo a series of heterogeneous oxidation reactions once 

the gaseous volatile matter surrounding the char particle depletes through combustion. This 

allows air to reach the particle and thus provide oxygen to combust. The char combustion 

process proceeds through five stages (P. Jenkinson, 2012); 

1. Diffusion of gaseous oxidizing species to char surface 

2. Adsorption of species to char surface 

3. Reaction of carbon or other element from char with adsorbed oxidizing species 

4. Desorption of elemental oxide 

5. Diffusion of gaseous products through boundary layers into free gas phase 
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The primary reactions undergone by the char particle with oxygen are (Y. Zhao, 2007): 

ὅ  ὕ  O  ὅὕ Equation 2.1 

ςὅ  ὕ  O  ςὅὕ Equation 2.2 

ὅ  ὅὕ O  ςὅὕ Equation 2.3 

Another important reaction is between the char particle and the water vapour present in the 

boiler system as shown below (M. Sami, 2001). 

ὅ  Ὄὕ O  ὅὕ  Ὄ   (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 that of CO oxidation, with the 

reaction mechanisms as follows (Liu, 2013); 

ὅὕ  ὕ  O  ὅὕ ὕ  (CO.1) 

ὕ  Ὄὕ O  ὕὌ ὕὌ (CO.2) 

ὅὕ  ὕὌ O  ὅὕ Ὄ  (CO.3) 

Ὄ  ὕ  O  ὕὌ ὕ  (CO.4) 

 The importance of reaction (CO.1) is not the production of CO2 but rather its use as an 

initiator for the sequence, due to the reaction being slow. Once the sequence has been 

initiated with the production of single O atoms, reaction (CO.3) can occur at its own rate as it 

produces H as well as CO2. The H is used in reaction (CO.4) to produce more OH. and O. 

radicals that feed back into reaction (CO.3) and (CO.2) to self-sustain the reaction. The CO 

oxidation system is fed 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 undergoing, making 

the combustion process complex.  
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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 operating 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 their influence is explained below. 

2.3.4.1 -  Temperature 

A pulverised fuel (PF) boiler system operates at temperatures of 1500-1600 oC, which is 

difficult to replicate in small lab scale experimental equipment. At higher temperatures 

thermal annealing can occur in the char particles, converting available active carbon sites to 

unavailable, unreactive sites (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 in subsection 2.3.3, for char combustion to 

precede the reaction occurs at adsorption 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 observe different activities of fuels than would be seen at higher temperature 

large scale experimental equipment, such as Drop Tube Furnace (DTF) testing. This has 

been stated in many pieces of literature due to the intrinsic burnout reactivity of the char 

being reduced under higher temperature conditions as thermal deactivation occurs (P, 1996, 

M. J. G. Alonso, 2001).  

Another process that temperature influences 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 matter due to bubbles forming within the char structure as gas is released. 

This phenomena effects the porosity of the char structure and is critical to the volume of 

surface area available for the combustion reactions to occur (J. Yu, 2007).  
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2.3.4.2 -  Heating Rate 

A PF boiler system operates with the fast heating rates of 104 ï 105 oC/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 matter due to the reactions shifting into a higher 

temperature range, meaning that devolatilisation has a faster rate (J. B. Howard, 1981). As 

such higher heating rate experiments will produce greater volatile matter yields than would 

be seen at lower heating rates (Manquais, 2011).  

2.3.4.3 -  Particle Size 

During devolatilisation the effect of particle size is that with increasingly large particles, 

volatile and tar yields decreases due to larger mass transfer resistance(Farrow, 2013). 

However, understanding the impact of particle size during combustion is limited as there are 

many factors that cannot be measured or assessed accurately. These inaccuracies include the 

internal and external surface area and the porosity of the char particle. In a previous study the 

factors were ordered in terms of their significance.(R. Menendez, 1993). The series is as 

follows: the total surface area and microstructure, porosity, 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 in both of 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 they shall be discussed latter in this review in subsection 2.7.  

2.4 - Co-firing  

Co-firing 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 

not only CO2 emissions but also those of NOx and SOx.  
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2.4.1 - Co-firing Strategies 

Lower capital investment is needed for the co-firing of biomass and coal compared to 

combustion of biomass itself due to the infrastructure being in place for coal combustion 

initiall y. As such, co-firing can be operated in existing power plants, utilizing mills and 

boiler components that need only slight retrofitting. The three strategies of co-utilization of 

biomass and coal are as follows (Nussbaumer, 2003, Liu, 2013); 

¶ Direct co-firi ng ï Biomass and coal are fed into the same boiler furnace for 

combustion 

¶ Indirect co-firing ï Biomass is gasified prior to the boiler furnace and the gaseous 

products are fed into the coal furnace 

¶ Parallel combustion ï Biomass and coal are combusted in separate 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 double sets of 

large expensive equipment, such as boilers and flue gas clean up systems. However, the 

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 with high alkali 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 increases costs due to the need to send ash to 

landfill.  

Indirect co-firing 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. However, it is 

cheaper than parallel combustion as it does not need double boiler or flue gas scrubber 

technologies.  

Direct co-firing 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 by 

industry is direct co-firing due to the ease and minimal investment needed.  
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Co-firing is beneficial to the reduction of NOx and SOx, firstly due to the low sulfur and 

nitrogen content in the biomass fuel compared to that of coal. In addition the alkali and 

alkaline earth metals have a positive effect on the reduction of SOx as the calcium and 

magnesium oxides in the ash that forms absorbs the emissions to the ash surface (H. 

Spliethoff, 1998). In addition the high volatile nature of biomass makes it suitable for use as 

a reburn fuel higher in the boiler system, thus producing a reducing environment for NOx to 

N2 further decreasing emissions (Nussbaumer, 2003).  

2.4.2 - Co-firing Blend Ratio 

The blending ratio that is used in any co-firing is critical to ensure that the best combustion 

efficiency is maintained whilst keeping to 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 of co-firing has a higher level of fouling and 

corrosion occurring within the boiler system (M. Sami, 2001, C. Snape, 2007).  

By blending the two fuel types together improved volatile yield and char reactivity has been 

observed with a dependence upon the blend ratio (L. Zhang, 2007, H. Haykiri-Acma, 2007). 

At lower heating rates the behaviour of coal and biomass during devolatilisation differs with 

regard to quantity and type of volatile matter released, rate of devolatilisation and reactivity 

of char produced. However, during co-firing 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 biomass (E. Biagini, 2002). In a study where lignite 

coal was blended with wood chips, the ignition temperature and maximum combustion rate 

were found to be achieved at lower temperatures by increasing the volatile matter content 

within the blends (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 coal is more 

reactive than lignite coal itself. Therefore it can be seen that the use of co-firing can be 

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

blend ratio.  
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2.5 - Lab Scale Experimental Techniques 

To achieve the outcomes of 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 thermogravimetric 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. For further in 

depth information and experimental approaches refer to thesis from K. Le Manquais 

(Manquais, 2011) and T. Farrow (Farrow, 2013).  

2.5.1 - Thermogravimetric Analysis (TGA) 

TGA is a small scale convenient method of analysing the kinetics of gas-solid reactions and 

identifying the model of combustion that has been undertaken. The method measures the rate 

of change of the samples mass, with changes occurring 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 oxidation and absorption that 

register as a weight addition (J. 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 Figure 2-8. 
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Figure 2-8 Schematic of a TGA experimental machine (White, 2012) 

 

TGA performs two tasks as a sample is tested, differential thermal analysis (DTA) and 

differential scanning calorimetry (DSC) (Farrow, 2013). The DTA step measures the 

difference in temperature between the sample and reference pans, whilst the DSC function 

measures the changes in the heat flow rate. Both these tasks are completed in either an 

oxidizing environment 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; 

¶ Proximate analysis 

¶ Char production via devolatilisation tests 

¶ Char burn-out  

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 proximate analysis typically consists of an 
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initial phase with temperature set at 110 oC run 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 to the moisture content of the fuel sample. Similarly 

to identify the quantity of volatile matter, the sample is heated to a point at which 

devolatilisation will occur under an inert atmosphere and is kept isothermal for a time period, 

with the weight loss contributed 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 

exhibited is 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 burn-out completed using TGA are done in a similar way to the 

processes discussed in the proximate analysis testing. 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 discussed 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 those from DTF devolatilisation.  

Char burn-out is completed to assess reactivity of the char by measuring combustion rates. 

The reactivity is expressed as the extent of reaction (Ŭ) and are calculated using Equation 2.1 

(Farrow, 2013). 

♪  
 

 
  Equation 2.1 

The mo is the initial mass of char, mt is the mass of char at time t and mf is the fraction of 

char combusted after burn-out. The conversion rate can then be calculated using Equation 

2.2 (Farrow, 2013). 

⸗♪

⸗◄
 Ëρ ♪   Equation 2.2 
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Within Equation 2.2, Ŭ = (1-C/C0), where C is the carbon mass after burn-out and C0 is the 

initial carbon mass. This can be solved by integration to give Equation 2.3 if the initial 

conditions are Ŭ = 0 when t = 0. 

ÌÎρ ‌ Ὧὸ  Equation 2.3 

By plotting ÌÎρ ‌ versus t the rate constant k can be determined as the gradient of the 

plot. This allows activation energy (E) and pre-exponential factor (A) from the Arrhenius 

equation given in Equation 2.4. 

ÌÎὯ ÌÎὃ   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 under the force of gravity. However, under 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 apparatus (B. S. Brewster, 1995). A DTF consists of an 

electrically preheated 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 samples. Figure 2-9 

depicts the experimental setup of DTF apparatus. The 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. This is critical not 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 setup (Barranco, 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 important variable 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 be calculated, which are (Manquais, 2011): 

¶ The particle travels in a laminar flow regime within the DTF 

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

This allows a laminar flow velocity profile to be applied to the system, with Equation 2.5 as 

the starting point (Manquais, 2011, Farrow, 2013). 

1.5 m

50 mm

5 mm Walls

Probe Separation ï

22, 45 or 65 cm
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ςρ   Equation 2.5 

Vr is the gas velocity at any point from the center of the work tube and V is the average gas 

velocity across the entire radius of the tube (R). In the center of the tube, where r = 0 and Vr 

= V0; 

ὠ ὠ  Equation 2.6 

The velocity of a particle travelling down the center of the DTF work tube (V0) can be 

derived from the particles residence time (t) and the length between the feed and collector 

probe (L); 

ὠ    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. 

ὠ    Equation 2.8 

Rearranging and combining Equations 2.7 and 2.8 to calculate residence time; 

ὸ   Equation 2.9 

Q cannot be directly measured inside the DTF, therefore the recorded flow rates measured 

outside of the DTF can be used once corrected. By using the ideal gas equation, Equation 

2.10, where subscript 1 identifies outside of DTF, subscript 2 identifies inside of DTF and T 

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. Varying the length of the DTF by adjusting the ceramic tube 

extensions at the bottom provides the ability to vary the residence times achieved. The 
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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 Equation 2.11. 

ὠ
  

  
 ϷὨὥὪ Equation 2.11 

Farrow 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 Equation 2.11. Instead it is suggested to use a 

silica tracer method that uses the same equation (Farrow, 2013). 

2.6 - Ash Analysis 

Due to the variable 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 stocks can lead to 

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 changing dependent 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 analysis techniques 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 Table 2-5 can be used to concentrate or 

recover fractions enriched in minerals, phases or particles of interest. These methods include: 
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¶ Sieving 

¶ Sink-float distillation 

¶ Magnetic and froth flotation separation  

¶ Leaching 

¶ Evaporation 

¶ Crystallization 

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

hazardous, which are as follows: 

¶ Ceramic cenosphere concentrate 

¶ Water-soluble salt concentrate 

¶ Magnetic concentrate 

¶ Char concentrate 

¶ Heavy concentrate 

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

 

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 by-product of the combustion process and several of the 

common techniques for assessing its composition and properties are listed below (S. V. 

Vassilev, 2003): 

¶ Optical microscopy ï used to make optical observations of the bulk sample and its 

surface 

¶ Proximate analysis ï a standardized test procedure that measures the weight loss of a 

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

individual fuel components 

¶ Ultimate analysis ï a test that provides the composition in weight percentage of several 

key elements including C, H, O, N and S 
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¶ Bomb calorimetry ï a method to determine the calorific value of a sample 

¶ Scanning electron microscopy (SEM) ï a non-destructive method of visually assessing 

the external morphology, crystalline structure and orientation of a sample 

¶ Energy dispersive X-ray analyser (EDX) ï used in conjunction with the SEM allowing 

chemical composition information to be gathered 

¶ X-ray diffraction (XRD) ï used to collect diffraction patterns, allowing assessment of 

the crystallinity of a sample 

¶ X-ray florescence (XRF) ï a method to analyse the major and minor elements of a 

sample, as stated in Table 2-4 

¶ Inductively coupled plasma mass spectrometry (ICPMS) ï a method to analyse the trace 

elements of a sample 

¶ Ash fusion test ï a method for determining the key temperatures at which phase 

transitions occur 

2.6.3 - Ash Fusion Properties and Test 

The measurement of ash fusion temperatures (AFT) is an important endeavour to achieve for 

a sample as it helps understand the behavioural impact the samples ash will have during the 

combustion, 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 system. In addition 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 fusion test is a method to determine four key temperatures that 

allow a melting curve to be produced. This melting curve predicts the behaviour of ash in a 

boiler system and involves the creation of a small pyramid of the ash sample. The small 

pyramid is then heated, allowing the deformation characteristics to be observed and 

measured as the temperature increases. The four key temperatures are; 
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¶ Initial deformation temperature ï The temperature when the tip of the pyramid first 

deforms 

¶ Softening temperature ï The temperature when the sample fuses into a spherical shape 

and the height is equal to the width. In a reducing atmosphere, this is termed the ñfusion 

temperatureò 

¶ Hemispherical temperature ï The temperatures when the sample fuses into a 

hemispherical shape and the height is equal to ½ the width 

¶ Fluid temperature ï The temperature when the sample fuses into a nearly flat layer with 

a maximum height of 1/16 inch. 

 

Figure 2-10 Ash fusion test procedure 

The principal 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 (SiO2) has a crystallinity change temperature at 1600 oC, whilst 

sillimanite (Al2O3, SiO2) melts at 1816 oC(A. C. Fieldner, 1918). Compare this to 

temperatures found for ash formed under high-temperature conditions, ranging from a 

melting temperature of 1100-1500 oC (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 variable chemical compositions, structures and recitatives 

it is understandable that the reactions and interactions that occur between them are highly 

complicated. However, one influence that has been proven is the catalytic effect that biomass 

char can have when blended and co-fired with coal chars. Farrow et al. indicated that the 

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 increased (Farrow, 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 when co-firing.  

2.7.1 - Devolatisation Effects 

A reason for the increased char burn-out comes from the biomass char being formed with a 

well ordered porous structure, similar to that of a low volatile anthracitic char (B. Wang, 

2012). Therefore its burn-out rate is increased and the overall combustion occurs quicker. 

The formation of this well ordered char is due to the Na and Ca ions promoting enhanced 

ring condensation reactions during pyrolysis giving a highly condensed char (X. Li, 2006, C. 

Sathe, 1999). It has also been proposed that the presence of K within the fuel matrix 

suppresses the formation of tar, preserving the char structure (J. M. Jones, 2007). In addition 

the alkali and alkaline earth 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 matter (D. J. Nowakowski, 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 formation during the devolatilisation 

phase of combustion. The main physical effects can alter the size and porosity of the char 

structures generated that then varies the combustion performance of the char. 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 

alters the composition of the released volatile matter, with this effect believed to be achieved 

using heavier trace elements rather than alkali metals (R. Jolly, 1988). The increase in 

available surface area is caused by an increase in loaded alkali and alkaline metals in a 

similar way to the biomass char, creating a more ordered structure (K. Murakami, 1996). 

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 follows (Manquais, 2011): 

¶ Ionization pathway ï metals with low ionic potentials reduce either nucleation or 

coagulation 

¶ Oxidizing agent promotion ï increase gas phase reactions that catalysis the 

production of important dynamic species that are needed for combustion 

¶ Impregnated oxygen carriers ï metals 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 the carbon particles, therefore causing electrostatic repulsion between the 

particles and a greater surface area for reactions to take place upon (A. N. Hayhurst, 1989). 

The alkali metals are considered to propagate catalysis in this manner (Feugier, 1978) with 

an observation being made by Oztas and Yurum (Yurum, 2000) that the lower a cationôs first 

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

The oxidizing agent promotion mechanism is an 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 this mechanism the metals catalase the subsidiary reaction cycles, 

such as the carbon monoxide oxidation and dissociation of water vapour, to increase the 

volume of oxidizing hydroxyl radicals in the vicinity of the char particle, thus increasing the 
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combustion rate (Jenkins, 1972). This mechanism is favoured in several studies such as 

Feugier et al. (Feugier, 1978).  

The impregnated oxygen carriers mechanism is seen to be most efficient for the heavier 

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 combustion (D. H. Cotton, 1971). 

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 the oxygen into elemental oxygen atoms and hydroxyl radicals, similar to the 

oxidizing agent promotion mechanism, and then rapidly transfer them across the cationôs 

surface to the carbon-oxygen molecules on the carbon surface (G. Mul, 1997). The metal is 

then re-oxidized by atmospheric oxygen and thus the process proceeds until the metal is 

expelled from the carbon matrix. Due to the reduction-oxidation mechanism involved in this 

form of catalysis, the effectiveness of a metal to catalyse carbon in this manner is linked to 

the ease of reduction of the metal to a lower oxidation state (C. A. Querini, 1999).  

As this project is focused upon the extent that inherent inorganic matter from biomass can 

have on coal during co-firing blends all three mechanisms can be assumed to have an 

influence upon the observations that will be made through experimental work. However, 

taking into account the elemental composition of biomass, discussed earlier in subsection 

2.2.3.1, it can be inferred that the ionization pathway mechanism will be dominant 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 behavior and include catalysis, as discussed above, inorganic ï inorganic 

interactions and interference of mineral behavior due to interactions between inorganics and 

inherent mineral matter in coal. Both inorganic ï inorganic and mineral matter ï inorganic 

interactions can cause a reduction in effectiveness of one or both reactants. This has been 
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shown with ZnCl2 being used as an additive catalyst, which had its effectiveness reduced in 

the presence of organic sulphur and minerals like pyrite or calcite (J. V. Ibarra, 1991). In 

addition, Oztas and Yurum (Yurum, 2000) state that interactions take place between 

inorganics, such as Zn, Ni, Co and CuCl that can be found within biomass, and certain 

minerals inherent within coal. However, within the literature available a mixed view can be 

found on the influence and significance of these effects with the co-utili zation of coal and 

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

One such study found no discernible improvement upon expected results when co-pyrolysis 

was carried out for wood waste and then wheat straw and sub-bituminous coal (Vuthaluru, 

2004). Another study focused upon the co-pyrolysis of wood waste and a lignite coal 

observed the same results of no synergistic effects between the two fuel types (A. K. 

Sadhukhan, 2008). On the other hand, Haykiri-Acma et al. found that significant variations 

in thermal reactivity, physical and chemical composition were present in the products of 

their study of co-pyrolysis of lignite coal and hazelnut shell biomass (H. Haykiri-Acma, 

2007). This is in agreement with other studies that found variations within the products of 

co-pyrolysis during their experiments (J. M. Jones, 2005, T. 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 lignite coal (H. Haykiri-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 hypothesis of whether 

biomass synergistic effects occur during pulverized fuel combustion. This includes 

descriptions of fuel selection and preparation, fuel characterisation, fuel devolatisation 

leading to char generation, char reactivity assessment and char characterisation. Several of 

the experimental techniques have used varying methodology to provide different parts of the 

fuel analysis and therefore before results are discussed in each chapter a brief description 

may be provided for clarification.  

3.1 - Fuel Characterisation 

An understanding of the fuels prior to char generation 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 faster heating rates using 

an infra-red 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 150 oC/min, whilst the TA Discovery can 

reach 500 oC/min under controlled parameters, with an additional operating condition of 

using non-linear ballistic heating to reach >2000 oC/min. To investigate whether any 

synergistic effects could be observed under slow and intermediate heating lab scale 

conditions the following simulated proximate analysis methodology was employed: 

¶ Purge system with nitrogen gas at a flow of 100 ml/min 
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¶ Ramp temperature from ambient to 110 oC at 50 oC/min 

¶ Isothermal conditions for 5 minutes 

¶ Ramp temperature from 110 oC to 850 oC at specified ramp rate 

¶ Isothermal conditions for 15 minutes 

¶ Introduce air to system, flow of 100 ml/min 

¶ Isothermal conditions for 30 minutes 

¶ Cool system back to ambient  

The specified ramp rates used for the investigation of heating ramp rate effects on synergistic 

effects were 50 oC/min, using the Q600, 500 oC/min and ~2000 oC/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. The data collected 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 3-1. 

 

Figure 3-1 Typical fuel characterisation profile (South African Coal 75 - 150 µm) 

3.1.2 - Elemental Analysis 

Elemental Analysis (EA), also known as Ultimate Analysis (UA), is a technique used to 

quantify the weight percent present of carbon (C), hydrogen (H), nitrogen (N) and sulphur 

(S) within a sample. A LECO analyser was used for this analysis, whereby the gaseous 
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combustion products derived from the sample being burnt in high grade oxygen are 

quantified as they flow though the gas column. Typical combustion gases include, CO2, H2O, 

SO2, SO3, NO2, NO and N2. The gas column absorbs the gas delaying its transportation 

throughout the system depending upon its molecular characteristics. Each molecule is 

sequentially released to be detected by a thermal conductivity dectector 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 used for 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 55 mg with calibration samples being required to be 75 mg. Each sample was weighed 

into an individual tin foil cap that was 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 chamber where 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 with multiple blank and calibration tests 

conducted before sample could be placed through. A blank test comprised of not placing 

anything into the auto sampler port assigned and allowing the system to operate, whilst the 

calibration tests used a standard material called 2,5-Bis(5-tert-butyl-benzoxazol-2-

yl)thiophene or 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 BBOT standard 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 presence of alkali and alkaline earth metals (AAEMs( within 

the samples due to their important influence upon the combustion processes. In this 

investigation a technique called Wavelength Dispersive X-ray Fluorescence spectroscopy 

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

For this analysis method, the fuels had to firstly be ashed 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 detectable accurate levels. The ashing 

process used was that detailed in the British standard for the production of coal ash for use in 

ash analysis, BS 1016 ï 104.4:1998. In addition to the coal samples, the biomass fuels and 

the blended samples were ashed following this procedure to ensure continuity between 

results.  

A clean porcelain crucible was heated to 815 oC, maintained at this temperature for 15 min 

and then cooled to room temperature. Upon cooling the crucible was weighed and filled with 

3 g of sample, which was spread evenly across the bottom. The crucible was reweighed with 

the sample and then inserted into the furnace at room temperature. The furnace temperature 

was then evenly raised to 500 oC over a period of 60 min and held at this temperature for 45 

minutes. The temperature was then raised further to 815 oC and maintained at this 

temperature for at least 300 minutes. Once incineration was complete the sample was 

removed from the furnace and allowed to cool to room temperature in air before the ash was 

collected and weighed. 

Once ashed, ~0.5 g of sample was placed in its loose powder form into a plastic cartridge 

with a 2 µm Mylar sheet acting as a window for analysis. The plastic cartridge was then 

loaded into a Bruker S8 Tiger 1kW spectrometer with a rhodium x-ray tube using an 8 mm 

mask. High energy X-rays 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 X-ray radiation that is detected 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 intensity of said peak correlates to the quantity of that element present in the 

sample. The limitation of this equipment is that it cannot detect any element smaller than 

sodium, however the ease of sample preparation, the capability to analyse solid samples and 

the ability to detect silicon meant that this technique was chosen over the other commonly 

used ash analysis technique inductively coupled plasma mass spectrophotometry (ICP-MS) 

for this study.  

3.2 - Fuel Selection and Preparation 

Fuel selection was an important step in providing a broad assessment of the impact of 

synergistic effects from biomass co-fired with unreactive coal in a pulverised fuel 

environment. Two important objectives were present within the fuel selection process, firstly 

that the coal had to be deemed unreactive against the predefined criteria of low to mid 

volatile bitumous coal, thus showing slow char burn out capability. Secondly, the biomass 

fuels had to provide a wide range of AAEMs contents. To provide this information fuel 

samples of both material were subjected to a number of analytical techniques to ensure that 

these criteria were fulfilled. In addition, the research wished to discover whether the particle 

size fraction used during co-firing played an important part on any effects seen, thus two 

particle sizes fraction classifications for each fuel type were investigated. For the coal 

species these were 53-75 ɛm and 75-150 ɛm, whilst for biomass it was 75-150 ɛm and 150-

300 ɛm. 
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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, details of this testing can be 

found in Appendix A. The main coal of focus for this investigation was a South African 

blend (SA) of bitumous ranking, provided by E.ON (Uniper). A secondary coal for 

comparison was chosen for partial investigation, being a Welsh coal of semi-anthracite 

ranking, sourced from the Ffos-y-fran reclamation scheme.The fuel components listed in 

Table 3-1 are total moisture (TM), volatile matter (VM), fixed carbon (FC) and ash. They are 

provided on a weight percentage that has been modified to exclude certain fuel components. 

These are 

¶ As fired (af %) meaning the weight percent as recorded by test 

¶ Dry basis (db %) meaning the moisture content is excluded 

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

Table 3-1 Proximate Analysis of South African and Welsh Coals 

Sample (ɛm) TM (af  %)  VM (daf  %)  FC (daf %) Ash (db %) 

SA (53-75) 1.8 30.0 70.0 17.2 

SA (75-150) 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 3-1 lists the fuel components of the coals selected using the proximate analysis method 

described in subsection 3.1.1. Table 3-2 describes the elemental composition of the coal 

species investigated and has used the analysis technique described in subsection 3.1.2.  
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Table 3-2 Elemental Analysis of South African and Welsh Coals 

Sample (ɛm) 
Carbon 

(wt%)  

Hydrogen 

(wt%)  

Nitrogen 

(wt%)  

Oxygen  

(wt% by diff)  

SA (53-75) 66.6 3.9 1.8 27.7 

SA (75-150) 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 19.4 

Within Table 3-3 the ash mineral contents of the coal samples are detailed, with analysis 

provided using the method described in subsection 3.1.3. 

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

 
Sample (ɛm) SA (53-75) SA (75-150) Welsh (53-75) Welsh (75-150) 

 
Ash (db %) 16.69 15.82 10.80 9.34 

W
e

ig
h
t 

%
 

SiO2 6.51 5.82 3.01 2.43 

Al 2O3 4.26 3.70 2.38 1.85 

Fe2O3 0.55 0.30 1.69 1.61 

TiO 2 0.34 0.32 0.08 0.07 

CaO 0.95 0.60 0.31 0.20 

MgO 0.12 0.08 0.15 0.10 

Na2O 0.10 0.00 0.08 0.06 

K 2O 0.13 0.11 0.33 0.30 

Mn 3O4 0.01 0.00 0.01 0.00 

P2O5 0.25 0.25 0.12 0.07 

SO3 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 original set of 

10 materials. These materials came from a range of sources including agricultural waste, 

cultivated energy crops and forestry, with plant types also varying. The main driver for 

biomass fuel selection was the AAEMs content of the fuel, details of this testing 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 deemed industrially relevant. The biomass 

fuels chosen with their corresponding labelling were; 

¶ Olive Cake (OC) 

¶ Commercially available mixed white wood pellet (W) 

¶ Raw bagasse (Bag) 

¶ Eucalyptus pellet (Euc) 

¶ Miscanthus pellet (Mis) 

¶ Steam terrified pellet (Z) 

Tables 3-4 and 3-5 lists the fuel components and elemental composition of the biomass 

species selected using the same techniques as stated for the coal analysis. In addition, Table 

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

Within Table 3-4 there are large differences observed between the 75-150 µm and 150-300 

µm particle size fractions of the W and Bag fuels ash values. Both species have low 

gravimetric density that made testing of these species difficult within the TGA due to the 

limited size of the testing pans and the quantities of sample required. Variance observed 

during the triplicated testing of W was 0.08% for the 75-150 µm and 0.18% for the 150-300 

µm, whilst Bag exhibited variance of 7.36% for the 75-150 µm and 5.63% for the 150-300 

µm.  
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The variance from the triplicated testing of Bag was large and believed to be due to the 

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

specified test sample weight. The excess material appeared to hinder the flow of gas around 

the sample, in turn leading to inefficient combustion performance. In addition, the low 

weight ash material deposited by the fuel was removed from the sample pan by the purge gas 

within the system during the combustion phase along with the gases generated. The W 

species had very low quantities of ash to begin with that 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 contents differ between results shown in Table 3-4 and those in Table 3-6 due to being 

calculated from different testing equipment. Those found in Table 3-4 have been determined 

using TGA whilst those found in Table 3-6 having been calculated from experiments 

conducted in the ashing furnace. Those in Table 3-6 were only used for mineral matter 

composition calculations whilst those in Table 3-4 were used as a base line for further TGA 

determined results and calculations that were based on those results, such as DTF volatile 

matter. 
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Table 3-4 Proximate Analysis of Selected Biomass 

Sample (ɛm) TM (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 (75-150) 5.5 87.8 12.2 23.7 

Bag (150-300) 13.1 86.1 14.0 11.3 

OC (75-150) 6.9 76.5 23.5 10.3 

OC (150-300) 11.9 75.8 24.2 10.5 

Euc (75-150) 7.8 84.5 15.5 2.1 

Euc (150-300) 7.8 84.6 15.4 1.7 

Mis (75-150) 7.3 78.3 21.8 8.2 

Mis (150-300) 7.8 78.4 21.6 8.9 

Z (75-150) 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 

Sample (ɛm) 
Carbon 

(wt%) 

Hydrogen 

(wt%) 

Nitrogen 

(wt%) 

Oxygen 

(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 (75-150) 40.8 5.8 0.5 52.9 

Bag (150-300) 44.6 6.3 0.3 48.8 

OC (75-150) 45.4 6.2 2.2 46.2 

OC (150-300) 45.6 6.2 2.1 46.1 

Euc (75-150) 46.1 6.5 0.2 47.2 

Euc (150-300) 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 (ɛm) OC 

75-150 

OC 

150-300 

W 

75-150 

W 

150-300 

Bag 

75-150 

Bag 

150-300 

Euc 

75-150 

Euc 

150-300 

Z 

75-150 

Z 

150-300 

Mis 

75-150 

Mis 

150-300 
 

Ash (db %) 11.24 10.47 0.86 0.54 18.38 9.30 1.30 0.64 3.40 2.76 8.35 9.07 

W
e

ig
h
t 

%
 

SiO2 0.94 0.90 0.03 0.01 7.46 3.73 0.16 0.08 0.19 0.13 1.43 1.63 

Al 2O3 0.20 0.19 0.01 0.00 2.61 1.15 0.09 0.04 0.03 0.03 0.09 0.11 

Fe2O3 0.65 0.17 0.12 0.02 1.08 0.50 0.34 0.05 0.16 0.09 0.54 0.86 

TiO 2 0.00 0.01 0.00 0.00 0.18 0.08 0.00 0.00 0.00 0.00 0.01 0.01 

CaO 1.08 1.27 0.26 0.18 0.83 0.40 0.21 0.13 1.70 1.33 0.57 0.61 

MgO 0.55 0.50 0.03 0.03 0.44 0.18 0.09 0.04 0.13 0.11 0.13 0.14 

Na2O 0.16 0.13 0.01 0.01 0.00 0.00 0.00 0.02 0.00 0.04 1.88 2.39 

K 2O 3.45 3.54 0.10 0.09 0.92 0.44 0.09 0.07 0.28 0.30 0.66 0.74 

Mn 3O4 0.01 0.00 0.01 0.01 0.02 0.01 0.02 0.01 0.03 0.03 0.01 0.01 

P2O5 0.53 0.47 0.03 0.02 0.44 0.21 0.04 0.02 0.07 0.05 0.15 0.19 

SO3 0.27 0.24 0.08 0.03 0.22 0.09 0.03 0.02 0.07 0.06 0.16 0.18 

Trace Metals 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 in subsection 2.7. Therefore to fully investigate the impact of any 

synergistic effects found during co-firing a chemical demineralisation process was used on 

the parent biomass fuels. These demineralised fuels were tested in the same manner as the 

raw parent fuel blends to assess the difference in combustion performances. 

Demineralisation involved a HCl washing technique to remove ion-exchangeable mineral 

species.  

A low concentration HCl solution (1 M) was used to soak the parent biomass species for a 

minimum of 90 minutes whilst being stirred at temperature, 60 oC. The low concentration of 

the acid solution was used to minimise acidic degradation of the samples. The process was 

used in small batches of 30 g of biomass placed in 450 ml of HCl solution. The mixture was 

heated to 60oC and kept at temperature for at least 90 minutes whilst being stirred constantly. 

The mixture was then Büchner 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 of the investigation was to understand the role of particle sizing during the co-firing 

process. Two particle sizes for each material type were chosen for use throughout the 

investigation. These were 53-75 µm and 75-150 µm for coal and 75-150 µm and 150-300 

µm for biomass. The maximum size fractions to be used in this study were limited to 300 µm 

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 investigation. The coal materials came from 

the source 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 milled and prepared using a bond index 

test. The processed use is described by work carried out by Dr. O. Williams. (Williams et al., 

2015, Williams et al., 2016) 

For use in this study the fuels had to be sieved to the required size fractions using Retsch 

steel sieves. The sieve sizes used were 600 µm, 300 µm, 150 µm, 75 µm, 53 µm, 36 µm and 

a base unit. The sieves were mounted 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 

prevent cross contamination of the fuel stocks during sieving.  

3.2.5 - Sample Blending 

As co-firing 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 50% coal for 1:1 ratios, with other blend ratios being 9:1, 3:1 or 1:3 of coal 

to biomass.  

The blended samples were created by weighing out the required amount 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 then shaken for 5 minutes upon all axis until the mixture was fully dispersed.  

As the process of producing blended samples was chosen to reflect a mass basis for 

mixtures, there was an associated impact on the volume ratio of the mixtures. For fuels that 

had negligible gravimetric density variation, such as the OC and Z when blended with the 

coals, the volume ratio difference was also negligible. However, several of the fuels had 

larger variation between the gravimetric densities that led to a skewed volume ratio 

occurring. Fuels that exhibited skewed volume loadings included W and Euc (Williams, 
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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 by careful 

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 co-firing at different thermal conversion conditions. The 

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

the order of 104 to 105 oC/s, whilst a Horizontal Tube Furnace (HTF) was used to produce 

char that simulated the material produced during proximate analysis.  

3.3.1 - DTF 

The DTF used in this project was 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 production. 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 be run using 

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

used to produce char for further analysis. Figure 3-2 depicts a schematic of the DTF.  
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Figure 3-2 Schematic of DTF 

3.3.1.1 -  DTF Setup 

This system has been used in many studies including with descriptions of the test facility 

included in all (Farrow et al., 2015, Le Manquais et al., 2011). As such only a list of the main 

components of the DTF system are found below as these may be referenced later: 

¶ Gas supply system 

¶ Programmable heating units consisting of a pre-heater, main heater and trim heaters 

¶ Water cooled feeder and collection probes 

¶ Adjustable collection probe for varying residence time 

Pulverised fuel

Gas inlet

Furnace insulation

Main heater

Flow straightener

Aluminosilicatework tube

Gas temperature up to 1600 oC

Cooling water

Cooling water

Char collection

Gas outlet

Movable water-cooled 
collection probe

To vacuum pump & cold trap

Flow of fuel
Particles

Pre-heater

Trim heater
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¶ Vacuum system consisting of a cyclone to drop char into a collection vessel, a 

particle filter and a vacuum pump 

3.3.1.1.1-  DTF Gas Supply 

A constant gas 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 gas flow network 

to ensure the 1% oxygen environment was achieved. The 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 create a positive 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 environment allowing 

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 conditions (C. Snape, 2007). The limited oxygen in the system 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 from the DTF system were achieved by feeding 2 g samples through the 

feeder probe into the furnace whilst at temperature. A screw feeding system was trialled at 

the beginning of this research, however the biomass material did not feed through this 

effectively and would form blockages. As such, all samples were manually fed into the 

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

sample particles to 1300 oC as they travelled through the furnace for residence times of 200 
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ms or 600 ms. The 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 analytical techniques. Each 

experiment was run in triplicate to ensure the variability of the DTF char production method 

would be assessed during analysis.  

3.3.1.3 -  DTF Devolatisation Analysis 

To determine the volatile matter yield produced during this form of char generation an 

analysis 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 yields alone. The ash 

tracer method utilises a comparison between the ash content of the starting fuel with the ash 

content of the produced char, shown in Equation 2.11 in subsection 2.5.2 and reiterated as 

Equation 3.1, as the ash constituent is assumed to remain within the sample throughout the 

pyrolysis process.  

ὠὓ  
 

 
 ύὸϷ ὨὥὪ  Equation 3.1 

Within Equation 3.1 VMDTF is the volatile matter content produced from the experimental 

run as a weight percentage on a dry ash free basis (wt% daf). Ashchar is the ash content of the 

char produced from the experimental run, determined through TGA analysis described in 

subsection 3.1.1, weight percentage on a dry basis (wt% db). Ashfuel is the ash content of the 

fuel being introduced into the furnace that was determined during fuel characterisation, also 

a weight percentage on a dry basis (wt% db)  

3.3.2 - Horizontal Tube Furnace (HTF) 

The HTF system was used in the investigation to produce simulated TGA char for 

comparative analysis against that generated using the DTF system, due to the low production 

nature of the TGA system. To establish the conditions to use to replicate TGA char reactivity 



58 

 

a brief investigation was under taken to correlate the HTF char reactivity to 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 constant flow 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 the HTF, within the work tube, and the vessel sealed for 10 minutes 

prior to heating commencing to purge the system of any oxidative gas. The furnace would be 

set to a heating ramp rate of 15 oC/min with the temperature to be reached at 850 oC. Upon 

reaching the desired temperature the sample would undergo isothermal conditions for 60 

minutes before the furnace would begin to cool down.  

3.4 - Char Characterisation 

To comprehend if any synergistic effects had occurred during the co-firing of biomass with 

coal the char generated under differing thermal conversion conditions needed to be 

characterised. Each technique used 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 both slow and fast heating 

rates was conducted under isothermal combustion conditions using the Discovery TGA 

system described in subsection 3.1.1. Due to the high volume of samples to analysis a one 

temperature char burn-out approach was adopted, rather than the usual multi-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 % burn-out of the 

char (T90). However, this approach cannot provide the activation energy (Ea) nor the pre-

exponential function (A) that using a range of temperature burn-outs can.  
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The chosen temperature used for the isothermal regime was 525 oC. This would be 

considered as a high temperature for biomass analysis but due to the unreactive nature of the 

coals selected, the increased temperature was required to accommodate burn-out for these 

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

following test program; 

¶ Purge system with nitrogen gas at a flow of 100 ml/min 

¶ Ramp temperature from ambient to 110 oC at 50 oC/min 

¶ Isothermal conditions for 5 minutes 

¶ Ramp temperature from 110 oC to 525 oC at 500 oC/min 

¶ Isothermal conditions for 5 minutes 

¶ Introduce oxidative environment by switching to air gas, flow of 100 ml/min 

¶ Isothermal conditions for 180 minutes 

¶ Cool system back to ambient  

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

example of a data profile shown in Figure 3-3. 

 

Figure 3-3 Typical char burn-out profile (South African Coal, 53-75 µm, blended with Bagasse, 

75 - 150 µm, on a 1:1 ratio) 
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To provide information on the relativistic reactivity of each char at 525 oC the mass loss 

during the combustion period of the profile is analysed. The equations described below can 

be found in subsection 2.5.2 but have been reiterated for explanatory purposes. The degree of 

mass loss can be characterised using a relative fractional weight conversion factor, Ŭ, that is 

calculated using Equation 3.2. 

‌  
 

 
     Equation 3.2 

Where Ŭ is the fractional weight conversion factor of a value between 0 and 1, 1 being full 

conversion and 0 being no conversion, whilst m0 is the initial mass of the char sample, mt is 

the mass of the char sample at time t and mf is the mass of the sample once combustion has 

been completed.  

Ŭ normalises the combustion profile for each char allowing a comparison between samples 

of varying char yields and ash contents. By taking the conversion rate, given by Equation 

3.3, and integrating it with the initial conditions of Ŭ = 0 at t = 0, shown in Equation 3.4, the 

apparent first order rate constant can be graphically determined. 

 Ὧρ ‌ )     Equation 3.3 

ÌÎ ρ ‌  Ὧὸ     Equation 3.4 

Where Ŭ is the fractional weight conversion factor, t is time and k is the apparent first order 

rate constant. By plotting the values of ï ln(1 ï Ŭ) against time (t), k is given as the gradient 

of the straight line. A T90 value was calculated for each char by assessing the time taken to 

reach 90% conversion of the total mass loss. For both the calculation of k and the T90 

results, the methodology was applied between 5% and 95% of the char mass loss to remove 

the tail ends of the combustion profiles that deviate from the overall relationship. The 

remaining char mass from the burn-out test was taken as the ash content of the char sample 

and used in the DTF devolatisation calculation, detailed in subsection 3.3.1.3, where 

necessary. 
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3.4.2 - Char Ash Mineral Content Analysis using XRF 

The mineral matter within the char samples were quantified by employing the methodology 

used in subsection 3.1.3. Due to the low concentration of char matter of some of the samples 

and the poor collection efficiency of the DTF using 3 g of char sample for ashing was not 

always possible. By not having enough char sample placed into the ashing process a deficit 

in the required ash for XRF could occur. The minimum amount of ash required for XRF 

analysis was stated as a guideline of 0.5g, however the XRF resolution allowed samples to 

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

quantity the XRF analysis was still conducted with results stated in the results chapters. 

3.4.3 - Gas Sorption 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 Brunauer-Emmett-Teller (BET) analysis, 

was employed to determine the char materials available 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 Micrometrics ASAP 2420 Accelerated Surface Area and Porosimetry 

with CO2 as the cryogenic gas. An ice and water bath was used to cool the sample tubes to  

0 oC.  

CO2 was absorbed on to the material surface at multiple absolute partial pressures with 

amount of CO2 present being 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 in the size, dimension and structure of the char particles to changes in the char 

reactivity. The type of system used was an automated optical microscope that produced a 
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large mosaic image, dimensions 30 by 30 frames, to be scanned and analysed to provide 

semi quantifiable information.  

DTF chars were mounted in epoxy resin bocks, left to harden and then polished to provide a 

cross sectional view of the internal and external char wall structures. The machine used to 

polish the blocks was a struers automated polisher 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 of the samples at 500x magnification. The stage was 

computer operated enabling a composite, high-resolution mosaic image of the block to be 

formed with each image represented by 1340 × 1040 pixels.  

The images were analysed using a manual technique. The manual approach requires the 

image to be analysed by an automated point counter, with each particle identified being 

classed by the descriptive categories laid out in ICCP char atlas. The descriptive classes are; 

¶ Tenuisphere  

¶ Crassisphere  

¶ Tenuinetwork  

¶ Crassinetwork  

¶ Solid 

¶ Fusinoids 

¶ Raw material (biomass or coal) 

Data was collected at set distances across the image counting particles until the total particles 

analysed is between 250 ï 500, depending on the population density of the image. These 

descriptive classes are subsections of higher classifications that provide an indication as to 

the combustion behaviour of the material, thick walled, thin walled and solids.  

3.5 - Flame Ignition Study 

To visualise the effects of synergy throughout the co-firing process a flame ignition 

experiment was undertaken. Using a specialised rig and a high speed camera, the impact of 
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biomass on the unreactive coal ignition process was captured. This work followed closely to 

that conducted by others at the University of Nottingham, thus using similar experimental 

conditions and apparatus.(Sarroza et al., 2017, Bai et al., 2017)  

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 work tube had a 55 mm 

diameter and was of length 1000 mm. The viewing port consisted of dimensions 560 mm by 

30 mm and was located in the mid-section of the furnace. Unlike the DTF, the VDTF had 

one heating element, therefore its operating temperature was 1000 oC. The test runs consisted 

of 2 g samples that were manually fed into the system through a water cooled feeder probe 

with air as a carrier. The 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 products. A schematic of the 

VDTF is displayed in Figure 3-4. 

 

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

Mercury  

HERMES 
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3.5.2 - High Speed Camera 

The high speed camera used was a mercury HERMES. The camera was setup to capture only 

the viewing port of the VDTF with a reference point of entry pre-set to 10 mm into this 

recording zone. The video images were captured at 400 frames per second over a 10 second 

period with a resolution of 1200 × 224 pixels. 

3.5.3 - Image Analysis 

The images were analysed using an automated MATLAB program that identified particles 

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 following procedure to provide information on changes to the 

ignition point: 

¶ Transformation of image from colour into greyscale image, 0 to 255 

¶ Threshold image to create binary image with background set to 0 and ignited 

particles defined as those above 89 

¶ Following binary image creation, particle edge detection used to determine central 

point of each particle 

¶ The distance from the central point of each particle to the feeder probe entry 

determined 

¶ Pixel distance converted to quantifiable measurement unit, using reference point 

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 biomass co-firing on the burn-out of unreactive coal chars, the 

effect that the biomass may have on the volatile matter (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 char burn-out 

performance. In previous studies into co-firing pyrolysis there have been occurrences of 

synergistic effects reported (Farrow et al., 2013) and 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 a slow heating study of blended biomass and coal 

samples on a 50% coal weighting, using a TGA and a ramp rate of 50 oC. Following on from 

this, a limited test matrix underwent intermediate heating ramp rates, in a TGA, to ascertain 

whether synergistic effects could be observed in lab conditions. Finally, char was generated 

using a DTF, with fast heating ramp rates, and VM yield contents were calculated using the 

ash results from the slow heating ramp rate baseline. Labelling throughout this chapter for 

blends only presents the first number from the particle size range of that material used in the 

mixture, for example the 75-150 µm wood blended with the 53-75 µm South African coal is 

labelled as W:SA 75/53. 

4.2 - Experimental Error  

During the completion of this chapter a 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 HTF. Both experimental procedures had associated 

errors for the apparatus and human areas that included; 
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¶ Temperature control fluctuations 

¶ Gas flow fluctuations 

¶ Manual fed rate 

¶ Manual sample weighing and mixing of sample 

¶ Inhomogeneity of fuels 

The first two associated test errors are both apparatus errors that are inherent within the 

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 could fluctuate during 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 

operate with.  

The second apparatus error could have a greater effect upon results produced using both 

furnace types as fluctuations in 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 systems, thus changing the time that the particle would be 

exposed to the designated testing temperature, thus not producing comparable chars. In 

addition, if the gas composition was not set correctly a devolitasation environment could 

become oxygenated and the particles 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 caused by the 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 another form 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 or force material to fall at a rate exceeding the gravimetric 
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rate assumed during residence 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 technique 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 mixtures. If the 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 four-point balances to ensure the mixtures 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 error would also carry 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 the weighing 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 their low-density nature 

requiring the volume of material 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 ensure 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 regarding 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 3.2.1 with a heating ramp rate of 50 oC/min to provide the fuel 

components of the parent fuels and blended samples. Tables 3-1 and 3-4, in subsection 3.1, 

present the characteristics of the individual parent fuels, whilst Table 4-1 and Table 4-2 lists 

the characteristics of the blended samples. The ash contents found in these fuel component 

tables were used to calculate the VM yields of the fast heating chars in subsection 4.4. The 

VM contents in the tables were compared for synergistic observations in the slow heating 

experiments, graphically represented in Figures 4-1 to 4-3. 

ὖὶὩὨὭὧὸὩὨ ὠὓ πȢυ ὅέὥὰ ὠὓ  πȢυ ὄὭέάὥίί ὠὓ  Equation 4.1 

To ascertain whether an effect was being observed a predicted VM content was calculated 

using Equation 4.1. In the equation, Coal VM is the VM content of the parent coal used in 

the blend and Biomass VM is 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 

and no catalytic effect occurring.  

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

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

W:SA (75/53) 10.6 41.3 58.7 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 
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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 (75/75) 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 54.0 

Z:SA (75/75) 9.3 43.1 56.9 54.7 

 

The SA coal blended with the biomass species detailed in Table 4-1, shows no significant 

variation between the observed VM content and the predicted value. Figures 4-1 and 4-2 

show a graphical comparison of the VM slow heating interactions. Overall, it can be seen 

that there are only slight difference between the experimental and predicted values. This 

difference can be attributed to natural variation in the biomass fuel and experimental error, 

caused by the weighing and mixing procedures. Therefore, no synergistic effects were 

observed under 50 oC/min heating rate conditions, with particle size having no obvious 

impact. This is consistent with previously reported findings where no changes to combustion 

properties of co-fired blends were found at slow heating conditions (A. K. Sadhukhan, 

2008). 

Within Figure 4-1 a significant variation is shown on the experimental results for the SA coal 

when blended with Bag. This was caused by the need to have a large volume of raw bagasse 

in the sample crucible with respect to the sample pan volume. This large volume was 

required to make the sample up to the 50:50 weight ratios due to the Bag samples low 

density. This quantity of sample is believed to stop efficient gas diffusion throughout the 

blended mixture, partially disrupting the devolatisation and burn-out processes of theses test 

runs. 
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Table 4-2 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 rate of 50 oC/min, 

whilst Figure 4-3 graphically represents the VM slow heating interactions. As observed 

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. 

Overall, a larger variation can be seen in Figure 4-3 for the Welsh coal study than seen 

during the SA investigation. This is likely to be due to increased experimental error, in part 

caused by this being the preliminary study, therefore the weighing and mixing process was in 

the development stage. Two results lie beyond the experimental error determined for the 

tests, OC and Bag 150-300 ɛm particle sizes blended with the 53-75 ɛm Welsh coal. This is 

believed to be due to a mixture of natural variation and consistent increased experimental 

error on those sample tests. 

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

Sample (µm) 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 (75/75) 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 45.6 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 heating ramp rate a limited test matrix was 

subjected to the proximate analysis style TGA methodology at two higher heating ramp rate 

conditions. The first condition was a controlled 500 oC/min ramp rate and the second 

condition was an unbounded heating rate that raised the temperature of the furnace 

uncontrollably, calculated in excess of 2000 oC/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 account the 

increased variability that may be present due to lost material as sample blends were loaded. 

Table 4-3 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 type, 53-75 µm 

for the SA coal and 150-300 µm for the biomass species. These size fractions were chosen as 

they showed the highest variation under slow heating conditions during the Welsh study, 

which if not caused by error than would suggest synergistic effects. For the biomass species 

it can be seen that with increasing ramp rates an increase in the production of VM content 

occurs. Between 50 oC/min and 500 oC/min the largest increase is observed, 2-4%, whilst 

from 500 oC/min to 2000 oC/min the increase is around 1.5-2%. Coal does not experience a 

significant increase as heating rate increases, with an overall 0.63% shift.  

Table 4-3 Proximate Analysis of Parent Fuels, Varying TGA  Heating Ramp Rates 

Sample (µm) VM 50 oC (daf %) VM 500 oC (daf %) VM 2000 oC (daf %) 

SA (53-75) 30.0 30.1 30.6 

W (150-300) 84.4 87.7 89.5 

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 particle size fractions tested for the parent fuels were restricted to one classification 

for this study, so only one size fraction mixture prepared. The prepared mixture was that 

containing the 150-300 µm biomass with 53-75 µm SA coal. Under these intermediate 

heating conditions no synergistic effects occur as detailed in Table 4-4 and graphically 

represented in Figure 4-4. The predicted values in Table 4-4 have been calculated using the 

same principle as described in subsection 4.2 using Equation 4.1. 

Table 4-4 Proximate Analysis of Blended Samples, Varying TGA Heating Ramp Rates 

Sample (µm) VM 50 oC (daf %) VM 500 oC (daf %) VM 2000 oC (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 60.2 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 increased 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 500 oC, but it is believed this increase was caused by 

weighing errors as the effect reduced at 2000 oC.  
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4.5 - DTF Fast Heating 

The investigation into whether heating ramp rate has an effect on the production of VM has 

shown no pyrolysis synergistic effects were observed under slow and intermediate TGA 

conditions. The next stage was to conduct a fast heating ramp rate study using the DTF to 

generate char samples. Details of the DTF setup and the VM analysis technique can be found 

in subsection 3.3.1. The VM yield analysis technique required 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 1300 oC was employed for particle residence 

times of 200 ms and 600 ms. Starting blends were made on a 50% coal weighting, with later 

testing changing the coal loading, between 25% and 90%, to further develop an 

understanding of any synergistic effects. The prediction method for the comparable VM 

yield is calculated using the same process as in the previous studies, using Equation 4.1. 

Once again this is assuming an additive relationship between the two distinct fuel types and 

no catalytic effect occurring. When the coal loading changed this is accommodated within 

the equation, Equation 4.1, by replacing the 0.5 weighting constant with the appropriate 

percentage weighting for each fuel.  

Within the figures detailing the results of this work darker segments are added to the 

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

between an ideal system at the top and the flawed system at the bottom. The error is due to 

the assumption that the char has equal influence from the parent fuels chars, however based 

on the DTF collection rates this assumption is flawed. As the collection rate of a sample 

increases its associated calculated VM yield produces a higher value, therefore the VM yield 

may be skewed unfairly towards the material with a lower collection rate, in this case the 

biomass. The high collection rates of the coal char compared to the low rates of the biomass 

would suggest that any prediction has been shifted towards the biomass, thus an additional 

10% coal influence has been subtracted in the form of these darker segments. This 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 

Figures 4-5 and 4-6 relate to biomass species blended with the SA coal, whilst Figure 4-7 

depicts the results determined for the Welsh coal blends. Tables 4-5 and 4-6 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 Chars Generated at 1300 oC for 

200 ms in DTF, on 50% Weight Basis 

Sample (µm) 
VM Yield  

(daf%) 

Predicted Difference 

(daf%) 

W:SA (75/53) 68.7 4.9 

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 (75/75) 65.4 0.4 

OC:SA (75/53) 60.2 -0.8 

OC:SA (150/53) 61.0 3.4 

OC:SA (75/75) 63.1 2.1 

Euc:SA (75/53) 69.2 11.7 

Euc:SA (150/53) 63.5 2.7 

Euc:SA (75/75) 66.2 8.7 

Mis:SA (75/53) 63.0 -1.4 

Mis:SA (150/53) 63.1 3.0 

Mis:SA (75/75) 63.8 -0.5 

Z:SA (75/53) 67.1 8.9 

Z:SA (150/53) 61.1 8.8 

Z:SA (75/75) 61.1 2.9 

Within Table 4-5 significant increases in VM yield are observed for all the particle size 

blends of the W species, ~5% for the two 75-150 µm blends and 6.2% for the 150-300 µm. 
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In addition, the OC and Bag blends containing 150-300 µm have significant increases of 

3.4% and 5.6% respectively. The 75-150 size fraction blends for these biomass species show 

no significant shift once sample variation and experimental error is considered. 

Significant increases across all particle size blends are depicted in Figure 4-6 for the Euc and 

Z blended samples, in excess of 8% for the 75-150 µm blends, whilst Mis displays the same 

behaviour as OC, with a 3% increase on the 150-300 µm blend.  
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Table 4-6 Comparison of VM Yield of Welsh and Biomass Blend Chars Generated at 1300 oC 

for 200 ms in DTF, on 50% Weight Basis 

Sample (µm) 
VM Yield  

(daf%) 

Predicted Difference 

(daf%) 

W:Welsh (75/53) 77.8 12.4 

W:Welsh (150/53) 73.4 5.3 

W:Welsh (75/75) 84.4 15.0 

OC:Welsh (75/53) 61.6 -4.9 

OC:Welsh (150/53) 60.3 -7.3 

OC:Welsh (75/75) 60.9 -9.7 

Bag:Welsh (75/53) 71.1 8.6 

Bag:Welsh (150/53) 71.3 12.1 

Bag:Welsh (75/75) 77.6 11.0 

The findings within Table 4-6 and Figure 4-7 support the evidence of synergistic increases of 

VM yield during pyrolysis shown in the SA coal 200 ms tests. In the presence of W species 

at fast heating ramp rates the Welsh blends also experienced significant increases in the VM 

yields produced. In addition, in the case of the Welsh coal, Bag blends produced large 

increases in the VM yields. However, in disagreement with that seen during the SA results, 

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

Both the W, Euc and Z species would be considered low ash species, whilst the OC and Mis 

would be called high ash. Bag has extremely high ash levels with very low density, therefore 

it does not fall in to either grouping. The results from the 200 ms studies would suggest that 

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 species have minimal to no 

effect when blended with the SA coal, but seem to favour the formation of char when 

blended with the Welsh coal sample. The Bag species would seem to behave in the opposite 

manner to the high ash samples, by having minimal to no effect with the SA coal but a 

significant preference for increased VM yield production when blended with the Welsh.  
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4.5.2 - 600 ms Residence Time 

Table 4-7 details a comparison between the parent fuels VM yields produced at 200 ms and 

600 ms. Under increased residence time the biomass fuels found VM yields increased, 

suggesting that the longer residence time was needed to achieve peak devolatisation. The 

tests containing Bag and Euc biomass samples were not finished for the 600 ms and have 

thus been left out of the analysis.  

Within Table 4-7 it is shown that all the fuels have differences between the particle sizes 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 6%. As this gap diminishes at the longer residence 

time this would indicate that at 200 ms the fuels did not have enough time to fully devolatise, 

with the larger particle size, 150-300 µm, seeming to be affected greater than the 75-150 µm 

for OC, Mis and Z. The W and Euc species observed this effect in reverse that may be due to 

volume issues rather than the particle size not devolatising as efficiently.  

Table 4-7 Comparison of Parent Fuel VM Yield at 200 ms and 600 ms in DTF at 1300 oC 

Sample (µm) 
200 ms VM Yield 

(daf%) 

600 ms VM Yield  

(daf%) 

SA (53-75) 38.8 39.1 

SA (75-150) 39.6 40.0 

W (75-150) 87.8 96.5 

W (150-300) 93.2 96.7 

Bag (75-150) 90.0 N/A 

Bag (150-300) 92.3 N/A 

OC (75-150) 82.0 87.9 

OC (150-300) 75.3 87.8 

Euc (75-150) 75.0 N/A 

Euc (150-300) 81.5 N/A 

Mis (75-150) 88.7 89.6 

Mis (150-300) 80.0 83.6 

Z (75-150) 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 4-8 and graphically represented in Figure 4-8. The 600 ms residence time 

tests showed that once again the W blends elicited an increase in VM production, 

corroborating that a synergistic effect is caused by the W species. The effects were once 

again significant, with the 150-300 µm providing the largest increase and the 75-150 µm 

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 1300 oC for 

600 ms in DTF, on 50% Weight Basis 

Sample (µm) 
VM Yield  

(daf %) 

Predicted Difference 

(daf %) 

W:SA (75/53) 70.2 5.0 

W:SA (150/53) 76.8 8.9 

W:SA (75/75) 71.3 5.7 

OC:SA (75/53) 64.5 1.0 

OC:SA (150/53) 63.7 0.3 

OC:SA (75/75) 65.0 1.0 

Mis:SA (75/53) 66.0 1.7 

Mis:SA (150/53) 61.6 0.3 

Mis:SA (75/75) 60.9 -3.8 

Z:SA (75/53) 71.3 5.1 

Z:SA (150/53) 67.1 1.4 

Z:SA (75/75) 69.8 3.1 

 

The 75/75 Z blend produced an increased VM yield that matched its performance at 200 ms, 

whilst its blends with 53-75 µm SA coal produced lower percentage increases than at 200 

ms. The 75-150 µm Z blend still produced a significant increase of 5.1%, whilst the 150-300 

µm would be 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 suggests a propensity towards char formation, however it is still within 

the collection rate error discussed at 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 production  

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 effects. The results show that 

the ash groupings discussed in the 200 ms study follow the same pattern with increased 

residence time. 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, whilst the high ash 

species have minimal to no effect. Though the effect may have 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 synergistic effects being observed at both residence times when samples 

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. Coal weight loadings 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 in the mineral matter quantification, 

described in subsection 3.2.3. 

The SA coal was blended with the W, Bag and OC species only for this study to reduce the 

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

during the previous tests and were deemed to be of industrial relevance. Table 4-9 details the 

VM yields and the difference from the predicted yield for the varying coal weight loadings, 

whilst Figure 4-9 representing the data graphically. Two tests are missing from the data sets, 

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 Blend Chars Generated at 1300 oC for 

200 ms in DTF, on Varying Weight Basis 

 90 % 75 % 50 % 25 % 

Sample (µm) 
VM  

(daf%) 

Diff  

(daf%) 

VM  

(daf%) 

Diff  

(daf%) 

VM  

(daf%) 

Diff  

(daf%) 

VM  

(daf%) 

Diff  

(daf%) 

W:SA (75/53) 43.1 -0.6 57.9 6.8 68.7 4.9 80.0 4.5 

W:SA (150/53) 43.1 -1.1 46.0 -6.4 72.8 6.2 82.1 2.5 

W:SA (75/75) 44.1 -0.3 54.1 2.5 68.9 5.0 N/A N/A 

Bag:SA (75/53) 40.0 -3.9 53.0 1.4 66.0 1.0 88.5 11.3 

Bag:SA (150/53) 39.0 -5.1 64.3 12.2 71.7 5.6 N/A N/A 

Bag:SA (75/75) 36.6 -8.0 60.7 8.5 65.4 0.4 86.5 9.1 

OC:SA (75/53) 42.8 -0.3 52.8 3.2 60.2 -0.8 75.5 4.4 

OC:SA (150/53) 44.0 1.5 50.1 2.1 61.0 3.4 69.1 2.9 

OC:SA (75/75) 42.2 -1.6 64.6 14.4 63.1 2.1 64.2 -7.2 
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At 90% coal loadings both W and OC show minimal to no difference between the predicted 

value and the experimentally determined value. 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 may be due to the extremely high ash content of the Bag, which 

has been shown to propagate char formation(J. M. 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 increased blends, 150/53 and 75/75, whilst W shows a 

large increase in its 75/53 blend. The OC 75/75 blend experiences a significant increase at 

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

the VM yield seems to be at its peak. 

At 25% coal loading Bag shows further significant increases in VM yield, whilst W and OC 

blends show smaller increases for the 53-75 µm 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 comparison. This would suggest the OC reaches an equilibrium between char 

formation and VM production, with a range wide enough to cover from 25% to 75% coal 

loading.  
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4.6 - Conclusions 

¶ TGA studies of blended biomass and coal species at slow and intermediate heating 

ramp rates produced no evidence of synergistic effects impacting VM content 

¶ Synergistic effects were observed at fast heating ramp rates at both 200 ms and 600 

ms residence times for low ash samples, such as W, Euc and Z, with a 50% coal 

weighting 

¶ At varied coal loadings W provided a consistent VM yield increase across all coal 

loadings and particle size fraction blends. Loadings included 25%, 50%, 75% and 

90%. 

¶ Bag provided a significant increase at 25% and 75% loadings, with diminished 

effects at 50%, for all particle size fraction blends 

¶ OC provided a moderate increase across the coal loadings when blended with 53-75 

ɛm SA, whilst when blended with a matching particle size fraction peak VM is 

reached by 25% coal loading.  

¶ 90% coal loadings of blended samples resemble the SA coal characteristics 
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Chapter 5  Char Reactivity Synergistic Effect Study 

5.1 - Appr oach 

After generating char samples of co-fired 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 reactivity of said samples. A 

samples reactivity was assessed using 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 was the apparent first order rate constant associated with 

the 90% burn-out, k525. Both of these parameters were measured between 5% and 95% char 

conversion to mitigate the tail end effects. Testing to calculate these parameters consisted of 

using the char reactivity methodology described in subsection 3.4.1.  

Additional analysis could have been conducted to acquire an activation energy required 

using the Arrhenius equation, through further burn-out tests at varying isothermal conditions. 

However, due to the quantity of samples and the length of tests it was not possible to 

complete this testing during the project timescale. Burn-out was conducted at 525 oC because 

of the focus on the effects on the coal char burn-out performance. This temperature provided 

a timeframe for coal burn-out that could easily assess whether synergistic effects had 

increased the reactivity of the blended chars. On the other hand this temperature was above 

the optimal comparative temperature for biomass and thus provided small variation between 

several of the biomass char samples. During testing samples that did not complete 

combustion within the isothermal 180 minutes had an extended period added to retest. 

5.2 - Generation of Slow Heating Char through Horizontal Tube 

Furnace (HTF) 

In Chapter 4 it was shown that no synergistic effect relating to an increase in VM content 

occurred when blended coal and biomass samples underwent pyrolysis at slow or 

intermediate heating ramp rates in a TGA. A limitation of laboratory scale testing using a 
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TGA is the small quantity of sample that it is possible to analyse at 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 

char 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 taken (Farrow, 2013). The experimental details used to 

produce TGA representative char is detailed 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 basis at the three mixture size 

fraction blends used in the previous work.  

Table 5-1 provides the relative T90 and apparent first order reaction rates, k525, for the parent 

fuels, whilst Table 5-2 details the same parameters for the blended samples. Mass yields for 

the loss of material during pyrolysis and retained material matched that of the TGA tests on 

an as fired basis. From the individual fuels several general trends can be seen: 

¶ Decreased reactivity for the larger particle size fractions compared to the same 

fuels smaller particle size fraction 

¶ Biomass have significant 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 850 oC 

Sample (ɛm) T90 (mins) k525 (s-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 (53-75) 78.14 0.037 

SA (75-150) 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 of SA Blended Char Generated in HTF at 850 oC 

Sample (ɛm) T90 (mins) k525 (s-1) 

SA:Bag (53-75:150-300) 68.90 0.043 

SA:Bag (53-75:75-150) 77.48 0.042 

SA:Bag (75-150:75-150) 81.62 0.036 

SA:OC (53-75:150-300) 13.51 0.232 

SA:OC (53-75:75-150) 10.28 0.314 

SA:OC (75-150:75-150) 17.96 0.175 

SA:W (53-75:150-300) 74.45 0.045 

SA:W (53-75:75-150) 77.87 0.045 

SA:W (75-150:75-150) 97.97 0.029 

From Table 5-2 it can be seen that the Bag and W samples have similar interactions with the 

SA coal material, providing long burn-out times and low reaction rate constants, similar to 

that of the SA coal char. This is evidence that 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 effect has influenced the char reactivity, 

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

compared against the SA char.  

Normalised carbon burn-out curves of the SA and W blends and SA and OC blends are 

shown in Figures 5-1 and 5-2 respectively. In both figures the black and grey curves 

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 

sample and orange for the 75/75 sample. This colour scheme has been adhered to throughout 

this chapter for continuity purposes.  

The graphical representations further illustrate the argument of no synergistic effect for the 

W species blends and significant increases in reactivity for the OC blends. In Figure 5-1, the 

blends lay close to the coal burnout profiles, whilst Figure 5-2 shows the blend curves have 

experienced a large shifted towards the OC. Both sets of blends do not show a two-step 
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profile, meaning the separate materials within the char would appear to have burnt 

uniformly.  

 

Figure 5-1 Char Burn -out Comparison of SA and W Blends Generated at 850 oC in HTF, on a 

50% Weight Basis 

 

Figure 5-2 Char Burn -out Comparison of SA and OC Blends Generated at 850 oC 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 ash biomass 

species blends during Chapter 4, the 200 ms chars were to be investigate to observe the 

impact this may have caused on their combustion performance. All chars produced with a 

200 ms residence time were subjected to the char reactivity methodology used in section 5.2.  

For the DTF chars produced with 200 ms residence times the reactivity parameters for the 

parent fuels are detailed in Table 5-3 and Table 5-4 provides results on the blended samples. 

The parent fuel results provide the following general trends: 

¶ Biomass species T90 below 90 seconds, apart from Bag at 7 minutes 

¶ Biomass species first order rate constant two orders of magnitude greater than 

HTF 

¶ SA coal char less reactive than when produced under HTF conditions 

Table 5-3 Char Burn -out Characteristics for Parent Fuels Generated at 1300 oC for 200ms in 

DTF 

Sample (ɛm) T90 (mins) k525 (s-1) 

Bag (150-300) 6.40 0.487 

Bag (75-150) 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 

Mis (75-150) 0.81 4.289 

OC (150-300) 0.95 3.684 

OC (75-150) 0.57 5.681 

SA (53-75) 134.02 0.022 

SA (75-150) 116.96 0.027 

W (150-300) 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 grouping, high ash 

samples and low ash samples, found in Chapter 4 with reversed effects. The low ash samples 

that did not show improved reactivity, suggesting no interaction occurred, and the high ash 

samples greatly improved the char combustion performance. Bag in this testing showed 

behaviour similar to the low ash samples that observed no 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 > 75/75 > 150/53. 

Table 5-4 Char Burn -out Characteristics for SA and Biomass Blends Generated at 1300 oC for 

200ms in DTF, 50% Weight Basis 

Sample (ɛm) T90 (mins) k525 (s-1) 

SA:Bag (53-75:150-300) 85.63 0.036 

SA:Bag (53-75:75-150) 70.34 0.043 

SA:Bag (75-150:75-150) 61.35 0.061 

SA:Euc (53-75:150-300) 66.87 0.043 

SA:Euc (53-75:75-150) 71.91 0.039 

SA:Euc (75-150:75-150) 54.49 0.058 

SA:Mis (53-75:150-300) 22.23 0.148 

SA:Mis (53-75:75-150) 8.14 0.407 

SA:Mis (75-150:75-150) 14.66 0.233 

SA:OC (53-75:150-300) 15.41 0.271 

SA:OC (53-75:75-150) 4.28 0.857 

SA:OC (75-150:75-150) 7.99 0.563 

SA:W (53-75:150-300) 82.85 0.039 

SA:W (53-75:75-150) 103.97 0.029 

SA:W (75-150:75-150) 84.40 0.040 

SA:Z (53-75:150-300) 85.78 0.057 

SA:Z (53-75:75-150) 41.93 0.067 

SA:Z (75-150:75-150) 51.38 0.072 

Normalised carbon burn-out curves of the SA/W blends and SA/OC blends are shown in 

Figures 5-3 and 5-4 respectively, to further illustrate the gulf in increased reactivity. 
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Figure 5-3 Char Burn-out Comparison of SA and W Blends Generated at 1300 oC for 200ms in 

DTF, on a 50% Weight Basis 

 

Figure 5-4 Char Burn -out Comparison of SA and OC Blends Generated at 1300 oC for 200ms in 

DTF, on a 50% Weight Basis 
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The other set of 50 % coal loading samples, Table 5-5 and Figure 5-5, produced under fast 

heating ramp rate conditions for 200 ms were those blended with Welsh coal. During the 

pyrolysis phase, significant shifts in the VM yields were observed, when blended with Bag 

and W showing increases, whilst OC produced a negative effect. The effect of this increased 

VM production during devolatisation for Bag and W seems to reduce char reactivity during 

combustion. The extent of which is that the T90 and k525 are lower than the observed 

parameters for individual Welsh coal char. When blended with the Welsh coal, OC shows 

the same 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 almost halved the T90 time and 

made the first order rate constant comparable to that of SA coal. This effect may be caused 

by the promotion of char formation rather than VM production during devolatisation, thus 

providing a more accessible source of combustible material to progress the combustion 

process. 

Table 5-5 Char Burn-out Characteristics for Welsh and Biomass Blends Generated at 1300 oC 

for 200ms in DTF, 50% Weight Basis 

Sample (ɛm) T90 (mins) k525 (s
-1) 

Welsh 75-150 271.96 0.011 

Welsh 53-75 311.53 0.009 

SA:Bag 53-75:150-300 416.58 0.007 

SA:Bag 53-75:75-150 410.03 0.007 

SA:Bag 75-150:75-150 425.21 0.007 

SA:OC 53-75:150-300 148.70 0.021 

SA:OC 53-75:75-150 153.99 0.019 

SA:OC 75-150:75-150 137.87 0.020 

SA:W 53-75:150-300 387.72 0.007 

SA:W 53-75:75-150 371.18 0.032 

SA:W 75-150:75-150 453.34 0.006 
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Figure 5-5 Char Burn -out Comparison of Welsh and Biomass Blends Generated at 1300 oC for 

200ms in DTF, on a 50% Weight Basis 

Within Figure 5-5, the normalised carbon burn-out curves of all the Welsh and biomass 

blends provide a clear distinction between the two observations made. The biomass species 

blends that caused no overall effect would seem to promote a faster burn-out profile in the 

beginning of the test. However, as the test progresses the curves become shallow than that 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 peter out. This mechanism would 

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

profile of the coal species more closely. 

5.4 - Drop Tube Furnace (DTF) Trials 600 ms 

Similarly, the 600 ms chars were to be investigated to observe the impact that devolatisation 

synergistic effects may have had on the char reactivity. The chars produced for a 600 ms 
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residence time in the DTF were subjected to the char reactivity methodology used in section 

5.2.  

For the DTF chars produced with 600 ms residence times the reactivity parameters for the 

parent fuels are detailed in Table 5-6, whilst Table 5-7 provides results on the blended 

samples. The individual W chars are not presented in the below table as the testing on this 

fuel proved problematic, thus the blends are included but not the parent fuel. The parent fuel 

results provide the following general trends: 

¶ Biomass species still below 90 second T90 

¶ SA coal has as reduced T90, which in term has increased the k525 

Table 5-6 Char Burn -out Characteristics for Parent Fuels Generated at 1300 oC for 600ms in 

DTF 

Sample (ɛm) T90 (mins) k525 (s-1) 

Mis (150-300) 0.70 4.857 

Mis (75-150) 1.02 4.606 

OC (150-300) 0.62 5.143 

OC (75-150) 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 (75-150) 1.10 3.317 

The blended samples, Table 5-7, show similar trends to the ones observed from the 200 ms 

char tests. The high ash samples show synergistic improvement of char reactivity through 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 follows this pattern. Instead, the OC follows the same 

reactivity series as it exhibited when blended with Welsh coal, 75/75 > 150/53 > 75/53. The 

low ash samples do not exhibit any synergistic improvement in combustion reactivity. The 

W species demonstrates a reduction in reactivity compared with the individual coal char, 

which W also previously exhibited when 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 been present within the coal char. 

Table 5-7 Char Burn -out Characteristics for SA and Biomass Blends Generated at 1300 oC for 

600ms in DTF, 50% Weight Basis 

Sample (ɛm) T90 (mins) k525 (s-1) 

SA:Mis (53-75:150-300) 35.66 0.093 

SA:Mis (53-75:75-150) 10.39 0.254 

SA:Mis (75-150:75-150) 12.62 0.268 

SA:OC (53-75:150-300) 9.72 0.330 

SA:OC (53-75:75-150) 10.26 0.321 

SA:OC (75-150:75-150) 6.22 0.501 

SA:W (53-75:150-300) 172.22 0.017 

SA:W (53-75:75-150) 175.22 0.016 

SA:W (75-150:75-150) 172.92 0.016 

SA:Z (53-75:150-300) 83.01 0.035 

SA:Z (53-75:75-150) 74.28 0.038 

SA:Z (75-150:75-150) 68.58 0.042 

Figures 5-6 and 5-7 present the normalised carbon burn-out curves for the Z and OC particle 

size blends generated by co-firing with the SA coal for 600 ms respectively. These further 

highlight the immensity of the OC reactivity improvement in comparison with the SA coal 

char and the presence of no synergistic effect when a low ash sample is used. At 600 ms, the 

SA coal blends seem to provide a uniform combustion profile throughout the test, similar in 

characteristic of the SA individual chars. In 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 Z Blends Generated at 1300 oC for 600ms in 

DTF, on a 50% weight Basis 

 

Figure 5-7 Char Burn -out Comparison of SA and OC Blends Generated at 1300 oC for 600ms in 

DTF, on a 50% Weight Basis 
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5.5 - DTF Trials 200ms with Varying Weight 

To determine the extent of impact that the synergistic effects of devolatisation had on 

variable coal loading chars, char reactivity tests were conducted. Table 5-8 details the key 

char reactivity parameters for comparison, T90 and k525, whilst Figures 5-8 and 5-9 

graphically represent the normalised carbon burn-out profiles for various coal loadings.  

The major trends detailed in Table 5-8 are: 

¶ Decreasing reactivity as coal loading increases. 25 % > 50 % > 75 % > 90 % 

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

¶ T90 of W and Bag species at 90% coal loading greater than coal char however, k525 

is comparable 

¶ 75 % coal loading with OC provides improvement of reactivity similar to the 

performance of low ash species at 50 % weight basis.  

Figures 5-8 and 5-9 depict the normalised profiles of the various blends at varying coal 

weight loadings. The blend types are represented by the colour scheme laid out in section 5.2 

with the different coal weightings represented by differences in line 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 show minimal variation in combustion profiles across the coal 

weightings, with blend size fractions shifting towards the right of the graph as coal loading 

increases. Whereas in the OC species figure, Figure 5-9, there are noticeable spaces between 

the 50 %, 75 % and 90 % curve groupings 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 nearing the peak effect at 50%, with less room for 

improvement past this mixture weighting. The effectiveness of the OC catalytic 

improvement of char burnout for the 75% coal 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 1300 oC for 200ms in DTF, Varying Weight Basis 

Coal Percentage 25% 50% 75% 90% 

Sample (ɛm) T90 (mins) k525 (s-1) T90 (mins) k525 (s-1) T90 (mins) k525 (s-1) T90 (mins) k525 (s-1) 

SA:Bag (53-75:150-300) N/A N/A 70.34 0.043 149.79 0.023 127.77 0.022 

SA:Bag (53-75:75-150) 69.26 0.039 85.63 0.036 107.84 0.028 127.23 0.022 

SA:Bag (75-150:75-150) 61.35 0.061 102.30 0.030 145.05 0.023 93.72 0.032 

SA:OC (53-75:150-300) 4.28 0.857 16.88 0.226 55.80 0.054 118.06 0.025 

SA:OC (53-75:75-150) 4.00 0.887 15.41 0.271 44.20 0.071 107.74 0.030 

SA:OC (75-150:75-150) 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 (53-75:75-150) 79.01 0.041 82.85 0.039 118.57 0.026 126.10 0.022 

SA:W (75-150:75-150) 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 Generated at 1300 oC for 200ms in 

DTF, on a Varying Weight Basis 

 

Figure 5-9 Char Burn -out Comparison of SA and OC Blends Generated at 1300 oC 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 differing combustion conditions on the char 

burn-out performance of the individual fuels and the blends of SA coal with the various 

biomass fuels Table 5-9 and Table 5-10 have been compiled from the data provided in 

Tables 5.1 ï 5.7. 

Table 5.8 in section 5.5 acts as a comparison between the char reactivity performance of the 

chars produced with varying loadings of coal undertaken at 1300 oC in 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 Conditions 

Residence Time HTF 200 ms 600 ms 

Sample (ɛm) 
T90 

(mins) 
k525 (s-1) 

T90 

(mins) 
k525 (s-1) 

T90 

(mins) 
k525 (s-1) 

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) 78.14 0.037 134.02 0.022 104.37 0.028 

SA (75-150) 95.56 0.034 116.96 0.027 107.66 0.029 

W (150-300) 11.35 0.254 1.02 3.369 - - 

W (75-150) 8.02 0.358 0.96 3.580 - - 

Z (150-300) - - 2.35 2.304 0.85 3.523 

Z (75-150) - - 0.95 3.650 1.10 3.317 



108 

 

Table 5-10 Summary Table for Comparison of Char Burn-out Characteristics for SA and Biomass Blends, Varying Combustion Conditions 

Residence Time HTF DTF 200 ms DTF 600 ms 

Sample (ɛm) T90 (mins) k525 (s-1) T90 (mins) k525 (s-1) T90 (mins) k525 (s-1) 

SA:Bag (53-75:150-300) 68.90 0.043 85.63 0.036 - - 

SA:Bag (53-75:75-150) 77.48 0.042 70.34 0.043 - - 

SA:Bag (75-150:75-150) 81.62 0.036 61.35 0.061 - - 

SA:Euc (53-75:150-300) - - 66.87 0.043 - - 

SA:Euc (53-75:75-150) - - 71.91 0.039 - - 

SA:Euc (75-150:75-150) - - 54.49 0.058 - - 

SA:Mis (53-75:150-300) - - 22.23 0.148 35.66 0.093 

SA:Mis (53-75:75-150) - - 8.14 0.407 10.39 0.254 

SA:Mis (75-150:75-150) - - 14.66 0.233 12.62 0.268 

SA:OC (53-75:150-300) 13.51 0.232 15.41 0.271 9.72 0.330 

SA:OC (53-75:75-150) 10.28 0.314 4.28 0.857 10.26 0.321 

SA:OC (75-150:75-150) 17.96 0.175 7.99 0.563 6.22 0.501 

SA:W (53-75:150-300) 74.45 0.045 82.85 0.039 172.22 0.017 

SA:W (53-75:75-150) 77.87 0.045 103.97 0.029 175.22 0.016 

SA:W (75-150:75-150) 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 (53-75:75-150) - - 41.93 0.067 74.28 0.038 

SA:Z (75-150:75-150) - - 51.38 0.072 68.58 0.042 
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5.7 - Conclusions 

¶ TGA representative char was produced using HTF methodology and suggested that 

no synergistic effects were observed for W and Bag species with regard to char 

reactivity. The most reactive biomass, OC, did provide evidence of significant 

synergetic improvement of coal char reactivity. 

¶ The chars produced under DTF conditions showed that low ash biomass samples 

that provided a synergistic improvement to VM yield during devolatisation did not 

improve char reactivity. High ash biomass samples that showed minimal to no 

improvement in VM production, exhibited significant improvements in the burn-out 

performance of blended samples. 

¶ SA blended samples at 200 ms had the low ash samples and Bag show no 

improvement to burn-out 

¶ SA blended high ash samples improved reactivity of chars dramatically, following 

reactivity series of 75/53 > 75/75 > 150/53 

¶ OC blended with Welsh coal at 200 ms showed marked improvement in reactivity 

but followed reactivity series of 75/75 > 150/53 > 75/53 

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

reactivity 

¶ High ash biomass blends at 600 ms provided large improvements in char burn-out 

performance and followed reactivity series of the Welsh blends at 200 ms 

¶ The order of reactivity rankings for variable coal loadings were as expected 25 % > 

50 % > 75 % > 90 % 

¶ 90 % coal loadings presented characteristics of individual coal 
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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 Chapter 4 and 5 

it was shown that low ash biomass samples can give significant increases in VM yields, 

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 

m2/g of mesopore surface area was observed for the char blends during N2 testing 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 been set as a 

epoxy resin block. The analysis assigned a classification to each particle that the optical 

microscope focused upon, with 250ï500 particles measured. The analysis focuses upon the 

morphology of the whole char particle with only macropores being seen at this scale.  

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 using N2 gas in studies 

(Prabhakar et al., 2017), whilst other investigations that have used this technique have opted 

to use CO2 (Pohlmann et al., 2010). The two methods of gas adsorption isotherms can be 

described as complementary as the CO2 gas suffers difficulties in filling large microspores 

whilst N2 has slow diffusion properties into small microspores. For this study CO2 gas 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 out in N2 for this 

study showed that minimal to no mespore structures were found as values were less than 1 

m2/g. As the char samples possessed minimal to no mespores the the Dubinin ï 

Radushkevich model was utilised to calculate the surface area as the most appropriate fit for 

the CO2 isotherms. 

The BET values have been included throughout this chapter as it is standard industry practise 

to report. However, with regards to this work the BET values do not provide a good insight 

into the surface area of the char samples due to the use of CO2 gas within these experiments. 

Dubinin-Radushkevich provides greater accuracy for the samples investigated in this work as 

it is temperature dependant and was initial conceived for the adsorption of subcritical gases 

to microporous structures, whilst BET is better suited to larger adsorption media. 

6.2.1 - Slow Heating Representative HTF Chars  

Table 6-1 details the BET results of the individual fuel chars prepared in the HTF to 

represent TGA char. It can be noted that the SA coal char surface area fits in the 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 surface area, micropore 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 850 oC in HTF, using Dubinin - 

Radushkevich Model 

Sample (µm) 

Micropore 

Surface Area 

m2/g 

Micropore 

Volume 

cm3/g 

Micropore 

Volume Error  

±cm3/g 

BET 

Surface Area 

m2/g 

Bag (150-300) 429 0.1719 0.0016 302 

Bag (75-150) 367 0.1471 0.0016 275 

OC (150-300) 165 0.0663 0.0027 7 

OC (75-150) 183 0.0732 0.0004 173 

SA (53-75) 319 0.1277 0.0042 186 

SA (75-150) 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 6-1 a value of 7 m2/g has been reported for the BET surface area of OC 150-

300 µm, whilst the micropore surface area determined from Dubinin-Radushkevich is 

reported as 165 m2/g. This result highlights the unsuitability of using the BET model for this 

analysis system with CO2 as discussed in section 6.2. By observing the similarities between 

micropore surface area values for the other fuels at the varying particle sizes the value of 165 

m2/g for OC 150-300 µm 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 that OC could produce a significant improvement in 

coal char burn-out for the blended samples, whilst no improvement was seen in VM content 

for any biomass blend species, Chapter 4. Therefore, the blends of interest generated at these 

test conditions were those of the OC biomass. The CO2 isotherm results of the SA blended 

samples are listed in Table 6-2.  

Table 6-2 Analysis of SA and Biomass Blends generated at 850 oC in HTF on 50% Weight Basis, 

using Dubinin - Radushkevich Model 

Sample (µm) 

Micropore 

Volume 

cm3/g 

Micropore 

Volume 

Error  

±cm3/g 

BET 

Surface 

Area 

m2/g  

Micropore 

Surface 

Area 

m2/g 

Predicted 

Micropore 

S Area 

m2/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 (75/75) 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 seen in the 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. 

ὖὃὶὩὥὭὲὙὥὸὭέ ὄὃὶὩὥὭὲὙὥὸὭέ ὅὃὶὩὥ  Equation 6.1 

Where PArea is the predicted micropore surface area calculated, inRatio is the ratio of 

influence for each material, BArea is the micropore area for the biomass sample and CArea 

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 general. The observed micropore surface areas do not correlate with the 

predicted micropore surface areas as would be assumed if no interaction had occurred. In 

general, the observed char values lie closer to the biomass species than would be expected. 

Having a lower surface area but greater reactivity is counterintuitive, with many scientific 

studies proving that the greater the surface area the quicker the reaction occurs. Therefore, 

there must be an influence on reactivity that causes the significant increase in reactivity 

greater than surface area effects. This is further supported by the Bag blend of 75/53 having 

a similarly low surface area as OC blends, however taking an additional 60 minutes to 

complete burn-out.  
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6.2.2 - Fast Heating DTF Chars Generated at 200 ms Residence 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 sorption analysis conducted. Table 6-3 details the gas sorption analysis of the 

individual fuel chars from these test conditions. 

Few conclusive trends can be identified within the individual fuel char data, with the most 

generalised occurrence being that the 150-300 µm has a smaller surface area than that 

reported for the smaller particle size fraction. This pattern mirrors the order of reactivity for 

the size fractions during char reactivity testing.  

Table 6-3 Analysis of Individual Fuels generated at 1300 oC in DTF at 200 ms, using Dubinin - 

Radushkevich Model 

Sample (µm) 

Micropore 

Surface Area 

m2/g 

Micropore 

Volume 

cm3/g 

Micropore 

Volume Error  

±cm3/g 

BET 

Surface Area 

m2/g 

Bag (150-300) 75 0.0301 0.0003 148 

Bag (75-150) 49 0.0196 0.0002 290 

Euc (150-300) 141 0.0566 0.0005 350 

Euc (75-150) 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 (150-300) 84 0.0335 0.0002 100 

OC (75-150) 75 0.0301 0.0003 148 

SA (53-75) 80 0.0322 0.0005 83 

SA (75-150) 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 correlation with either the reactivity of char during burn-out 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. When comparisons are drawn against the predicted micropore surface areas it can be 

seen that all of the observed surface areas exceed the predictions, suggesting a positive effect 

is occurring with regard to porosity increasing within the coal char. The chars generated in 

the DTF 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 1300 oC for 200 ms in DTF on 50% 

Weight Basis, using Dubinin - Radushkevich Model 

Sample (µm) 

Micropore 

Volume 

cm3/g 

Micropore 

Volume 

Error  

±cm3/g 

BET 

Surface 

Area 

m2/g 

Micropore 

Surface 

Area 

m2/g 

Predicted 

Micropore 

S Area 

m2/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) 0.0745 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 0.0002 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 catalytic char reactivity, 

subsection 5.4. The results for the individual chars are detailed in Table 6-5, whilst the 

blended samples are in Table 6-6.  

The individual biomass fuels showed a large increase in surface area and other associated 

parameters compared to the 200 ms results, whilst SA coal showed a 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 1300 oC in DTF at 600 ms, using Dubinin - 

Radushkevich Model 

Sample (µm) 

Micropore 

Surface Area 

m2/g 

Micropore 

Volume 

cm3/g 

Micropore 

Volume Error  

±cm3/g 

BET 

Surface Area 

m2/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 (53-75) 178 0.0714 0.0029 121 

SA (75-150) 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 6-6 it can be seen that the two samples that produced a catalytic increase in 

reactivity during burn-out, Mis and OC, have lower observed surface area compared to those 

that produced VM improvements, W and Z. This pattern was not observed at 200 ms and 

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 that another factor has a 

much larger influence than micropore surface area. 

Table 6-6 Analysis of SA and Biomass Blends generated at 1300 oC for 600 ms in DTF on 50% 

Weight Basis, using Dubinin - Radushkevich Model 

Sample (µm) 

Micropore 

Volume 

cm3/g 

Micropore 

Volume 

Error  

±cm3/g 

BET 

Surface 

Area 

m2/g 

Micropore 

Surface 

Area 

m2/g 

Predicted 

Micropore 

S Area 

m2/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 the gas sorption testing of the HTF, DTF 200 ms and 600 ms 

chars based on a 50% weight loading the significance of the results seem to be limited. The 

analysis technique does not seem to provide the expected outcome of aiding in the 

identification of synergistic improvements at either the devolatisation or the combustion 

phase. The differences between the various fuel blends are inconclusive with regards to 

tallying with the observed effects discussed in Chapters 4 and 5, therefore not providing a 

clear relationship between increases in surface area and improvements in either VM 

production or char reactivity.  
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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 assessed using gas sorption 

analysis. Table 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 can be observed that there is a general increasing trend for 

micropore surface area as the coal loading increases. The increase of surface area as coal 

loading increased correlates 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 75-150 µm all have recorded surface area larger than that 

displayed by the original individual coal char. The 90% blends produced negative VM yields 

in Chapter 4, subsection 4.4.3, and observed slower than SA char T90 burn-out times in 

Chapter 5, subsection 5.5.  

 

Table 6-7 Analysis of SA and Bag Blends generated at 1300 oC for 200 ms in DTF on Varying 

Weight Basis, using Dubinin - Radushkevich Model 

Sample (µm) 

Micropore 

Surface Area 

m2/g 

Micropore 

Volume 

cm3/g 

Micropore 

Volume Error  

±cm3/g 

BET 

Surface Area 

m2/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 75 SA 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 



119 

 

Table 6-8 lists the BET 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 surface area. The blend of 75/53 

particle sizing at a 25% coal loading and the 75/75 at 75% coal loading do not follow this 

trend, with higher observed surface areas than blends at higher loadings. Another trend 

seems to be the similarity in results of the 75% and 90% coal loadings, however the 

difference between char reactivity of the two samples suggests minimal 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 influences the 

reactivity behaviour of these chars.  

Table 6-8 Gas Sorption Analysis of SA and OC Blends generated at 1300 oC for 200 ms in DTF 

on Varying Weight Basis, using Dubinin - Radushkevich Model 

Sample (µm) 

Mi cropore 

Surface Area 

m2/g 

Micropore 

Volume 

cm3/g 

Micropore 

Volume Error  

±cm3/g 

BET 

Surface Area 

m2/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 6-9 lists the BET analysis of the SA coal blended with the W species at the 

varying coal weightings. The W blends that contain the 75-150 µm biomass size fraction 

show a trend of the 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 150-300 µm 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 burn-out performance 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 overall surface 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 

that any relationship caused by the changes in surface area relating to reactivity was 

negligible.  

Table 6-9 Analysis of SA and W Blends generated at 1300 oC for 200 ms in DTF on Varying 

Weight Basis, using Dubinin - Radushkevich Model 

Sample (µm) 

Micropore 

Surface Area 

m2/g 

Micropore 

Volume 

cm3/g 

Micropore 

Volume Error  

±cm3/g 

BET 

Surface Area 

m2/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 



121 

 

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 5. Optical microscopy analysis provided 

information on the amounts and types of structures on a µm scale, compared to nm pores in 

gas sorption. The samples chosen for gas sorption analysis were generated at 200 ms in the 

DTF and included the parent fuels at both size 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 

species. Further OC blends were investigated with varied coal loadings of 25% and 75%, as 

these had provided significant increases in reactivity during Chapter 5.  

Samples were placed in epoxy resin blocks and analysed using the methodology described in 

subsection 3.4.4. Appendix C displays all of the optical images captured of the sample chars, 

with the individual sector images having been integrated into a single mosaic image for each 

sample. Figure 6-1 is an example of one of the optical mosaics found in Appendix C that 

clearly highlights the use of individual images being coalited into one overview by the 

gridlines visible within the image. 

 

Figure 6-1 Optical Mosaic of Bag 150-300 µm 
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Manual analysis was used on the mosaic images, which required the particles to be 

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

¶ Tenuisphere 

¶ Crassisphere 

¶ Tenuinetork 

¶ Crassinetwork 

¶ Solid 

¶ Fusinoid 

¶ Raw material 

The definition of these classifications were taken from the ICCP Char Atlas and followed the 

analysis technique used in previous studies at the University of Nottingham (Wu et al., 

2006). Each classification could be further grouped into a description of their structure that 

indicates their relevance to combustion performance. The tenuisphere and tenuinetwork 

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 combustion performances, due to 

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

have low porosity and small superficial area (Chaves et al., 2015).  

Tables 6-10 through to 6-13 present a list of percentage breakdown for the identified 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. The suggested wall thickness is multiplied by the percentage of that structural 

grouping to provide a theoretical particle size. This particle size can be used as a comparison 

between different comparable chars. The associated wall thickness set in this study are: 
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¶ Thin walled structures 5 µm 

¶ Thick walled structures 15 µm 

¶ Solids 50 µm 

Table 6-10 details the manual optical analysis for the individual fuel chars 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 present. Bag exhibited an almost 

entirely thin walled structuring, whilst OC has 17% thick wall 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 remaining. Of the three 

biomass samples, Bag displayed the worse reactivity, detailed in Chapter 5, that could be 

caused by the ash being dispersed throughout the tenuisphere structures. Figure 6-2 depicts a 

mosaic of the individual W 75-150 µm labelled with the structures discussed.  

 

 

Figure 6-2 Optical Mosaic of W 75-150 µm 

Solid 

Crassisphere Tenuisphere 

Crassinetwork 

Tenuinetwork 
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Table 6-10 Manual Optical Analysis of Individual Fuels after Char Generation at 1300 oC for 200 ms in DTF 

 
SA 

(53-75) 

SA 

(75-150) 

OC 

(75-150) 

OC 

(150-300) 

W 

(75-150) 

W 

(150-300) 

Bag 

(75-150) 

Bag 

(150-300) 

TenuiSphere (%) 16.0 10.4 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 0 0 

Raw Material (%)  0.0 0.4 0.0 0.0 6.8 3.2 0 0 

         

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 (µm) 1.4 1.0 4.2 4.1 1.96 1.44 4.84 4.68 

Thick (µm) 9.8 10.8 2.5 2.6 8.1 10.14 0.42 0.78 

Solid (µm) 3.4 4.0 0.0 0.0 3.4 1.8 0.2 0.6 

         

Total (µm) 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 6-11 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 leading to an increase 

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 be within the 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 fuels 

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 4.2. The quantities of 

networks formed seems to be consistent with that of the coal char across all blends, 

suggesting the blends would show coal like characteristics during burn-out. This 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 Blended with W and Bag on 50% Weight basis after Char Generation at 1300 oC for 200 ms in DTF 

 
SA:W 

(53-75:75-150) 

SA:W 

(53-75:150-300) 

SA:W 

(75-150:75-150) 

SA:Bag 

(53-75:75-150) 

SA:Bag 

(53-75:150-300) 

SA:Bag 

(75-150:75-150) 

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 24.4 53.4 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 (µm) 1.14 0.66 0.45 1.88 1.92 0.54 

Thick (µm) 10.26 11.58 11.22 7.92 5.7 9.12 

Solid (µm) 4.4 4.8 8.1 4.8 11.8 14.2 

       

Total (µm) 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 for 200 ms are detailed in Table 6-

12. Both blend mixtures that feature the SA fraction of 53-75 µm have similar patterns with 

regards to the solids grouping. At the 25% coal loadings, minimal to no solids structures are 

present, whilst at 50% there is a considerable amount of solid and fusinoid structures. 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-

150 µm SA coal the raw material percentage is high throughout. 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% and 50% coal 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 does also resemble the coal char, whilst the 150/53 

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

As found with the CO2 isotherm analysis in subsection 6.2, a clear link between the char 

structuring and the improvements found for 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 effects that were observed during co-firing.  
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Table 6-12 Manual Optical Analysis of SA Blended with OC on Varying Weight basis after Char Generation at 1300 oC for 200 ms in DTF 

 
SA:OC 25% 

(53-75:75-150) 

SA:OC 50% 

(53-75:75-150) 

SA:OC 75% 

(53-75:75-150) 

SA:OC 25% 

(53-75:150-300) 

SA:OC 50% 

(53-75:150-300) 

SA:OC 75% 

(53-75:150-300) 

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 28.0 

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 (µm) 4.3 1.4 2.6 2.5 2.7 1.7 

Thick (µm) 2.0 9.2 5.8 7.4 5.3 7.9 

Solid (µm) 0.2 5.8 5.0 0.4 4.8 7.0 

       

Total (µm) 6.5 16.3 13.3 10.3 12.9 16.5 

 



129 

 

 

Table 6-13 continued Manual Optical Analysis of SA Blended with OC on Varying Weight basis after Char Generation at 1300 oC for 200 ms in DTF 

 
SA:OC 25% 

(75-150:75-150) 

SA:OC 50% 

 (75-150:75-150) 

SA:OC 75% 

(75-150:75-150) 

TenuiSphere (%) 4.0 6.0 0.4 

CrassiSphere (%) 20.8 21.6 18.0 

TenuiNetwork (%)  41.2 20.4 6.4 

CrassiNetwork (%) 24.8 27.2 54.0 

Solid (%) 0.8 10.0 2.0 

Fusinoids (%) 0.8 2.8 2.8 

Raw Material (%)  7.6 12.0 16.4 

    

Thin Walled (%)  45.2 26.4 6.8 

Thick Walled (%)  45.6 48.8 72 

Solids (%) 9.2 24.8 21.2 

    

Thin (µm) 2.3 1.3 0.3 

Thick (µm) 6.8 7.3 10.8 

Solid (µm) 4.6 12.4 10.6 

    

Total (µm) 13.7 21.0 21.7 
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6.4 - Conclusions 

¶ CO2 isotherm analysis showed that HTF char had higher surface area compared to 

chars generated in DTF conditions, which correlates with higher char reactivity seen 

for HTF chars 

¶ The varying of coal loading leads to the char surface showing characteristics closer 

to the favoured parent fuel  

¶ Overall any change in surface area due to devolatisation production or biomass 

species blended with has negligible effect on char reactivity 

¶ Optical microscopy of char samples found that on the µm scale the char particles and 

macropore structures of the W and Bag blended chars had strong characteristics of 

SA coal char 

¶ OC 50% blends can be seen to not resemble the SA char however, as with 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 

Synergistic 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 main cause. To assess the hypothesis that AAEMs cause 

synergistic and catalytic effects during co-firing a process of removal for AAEMs from the 

ash was necessary. Three biomass species were processed using a demineralisation technique 

previously used by Farrow et al, 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 when blended with coal and co-fired under fast heating ramp rate conditions 

exhibited synergistic effects during differing stages of testing. The samples were blended 

with the SA coal with a 50 % coal loading. In this chapter the samples that have undergone 

the acid washing process are referred to as demineralised or in shortened sample labelling 

have the prefix AW. It 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 process, an initial screening test matrix was 

conducted to measure the extent of AAEM removal and the effect this may have had on the 

fuel characteristics. Table 7-1 provides a comparison between the fuel components observed 

in the raw fuels and the fuels after demineralisation from TGA 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 in removing significant mineral matter in OC and 

Bag. For both species demineralisation removed ~ 75 % of mineral matter from the 150-300 

ɛm size fraction, whilst the 75-150 ɛm size fraction removed > 50%. The W species has lost 

> 75 % from its 75-150 ɛm fraction whilst gaining ash content for the 150-300 ɛm. Due to 



132 

 

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 

Sample (ɛm) 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 (75-150) 5.51 87.78 12.22 23.65 

AWBag (150-300) 4.52 92.31 7.69 2.86 

Bag (150-300) 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 7-1 provides evidence that the process did not affect the structures of the 

biomass material for the OC and W species as the VM and FC contents on a dry ash free 

basis are within variation. The Bag material shows a shift to VM over char formation in both 

size fractions, with the smaller size fraction experiencing the larger change. This change is 

likely due to the material overcoming mass transfer limitations.  

Table 7-2 compares the elemental analysis of the raw and demineralised biomass fuels. 

Across all species, the H decreases to a small extent, whilst O decreases by <1% for Bag, 

<2.5% for W and <7% for OC. In addition, N increases slightly whilst C increases by the 

majority of O reduction. The largest differences are observed in the OC samples, 7%, that 

could be attributed to extraction of C organic material. The differences are all proportional 

small and within error of the natural variation and calibration setup of the LECO Analyser. 
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Table 7-2 Comparison of Demineralised and Untreated Biomass, Elemental Analysis 

Sample (ɛm) Carbon (wt%)  
Hydrogen 

(wt%)  

Nitrogen 

(wt%)  

Oxygen 

(wt% 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 (75-150) 40.8 5.8 0.5 52.9 

AWBag (150-300) 45.7 6.3 0.4 47.6 

Bag (150-300) 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 (150-300) 45.7 6.2 2.1 46.1 

Table 7-3 displays the ash mineral composition of 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 analysis, through preparation in a furnace. This 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 effects observed, Ca, Mg, Na and K . For 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 may not have been sufficient for all Cl- anions 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 increased 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 

 Sample (ɛm) 
AWOC 

(75-150) 

OC 

(75-150) 

AWOC 

(150-300) 

OC( 

150-300) 

AWBag 

(75-150) 

Bag 

(75-150) 

AWBag 

(150-300) 

Bag 

(150-300) 

 Ash (db%) 3.63 10.28 2.94 10.50 5.59 20.48 3.63 9.33 

W
e

ig
h

t 
%

 

SiO2 2.01 0.86 1.53 0.90 2.80 8.32 2.10 3.74 

Al2O3 0.28 0.18 0.21 0.19 0.77 2.91 0.44 1.16 

Fe2O3 0.07 0.59 0.06 0.17 0.11 1.20 0.09 0.50 

TiO2 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 

MgO 0.42 0.50 0.32 0.50 0.02 0.49 0.02 0.18 

Na2O 0.00 0.14 0.00 0.13 0.00 0.00 0.00 0.00 

K2O 0.05 3.15 0.05 3.55 0.05 1.02 0.03 0.45 

Mn 3O4 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.01 

P2O5 0.05 0.48 0.03 0.47 0.03 0.49 0.03 0.21 

SO3 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 of partially demineralised biomass, blended samples were prepared 

with SA coal and subjected to slow heating thermal conversion using the proximate analysis 

methodology described in subsection 3.1.1. 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 limited amount 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 shown no improvement in 

VM production at slow heating ramp rates. Table 7-4 details the VM content measured 

during proximate analysis of the demineralised blended samples compared to predicted 

values, whilst Figure 7-1 displays a comparison of the VM content from the demineralised 

and untreated biomass blends.  

Table 7-4 Proximate Analysis of Blended SA Coal with Demineralised Biomass 

Sample (ɛm) 
Demineralised VM 

(daf%) 

Predicted Demineralised 

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 Table 7-4 would suggest that synergistic increases had occurred in the 

majority of the blended samples, with the exception of Bag: SA 75/75. Finding synergistic 

improvement in the VM content of the OC blends was significant as the only effect seen 

during slow heating experimentation of untreated biomass blends were the OC blends 

increased char reactivity. However, when the results are compared against the predicted 

values and untreated blends in Figure 7-1 and the variation errors are taken into account the 

evidence of synergistic improvement is less clear. The error bars in Figure 7-1 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 still suggest 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 samples that provide 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 impact 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, to be presented. However, this 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. The 

inherently large values of variation within the blended samples and the relatively low 

improvements observed at slow heating suggest synergistic effects are unlikely. Rather the 

effects are likely to be the result of the AAEMs not being present to favour char formation. 
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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 conditions. The 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 subsection 4.4. In 

Chapter 4, low ash biomass blends, such as W, Euc 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 7-5 details the predicted and observed VM yields of the demineralised samples, having 

used the ash contents determined during subsection 7.2 and Equation 3.1, in subsection 3.2, 

to calculate observed VM. Predictions were calculated using the same method as previously 

stated in subsection 4.2 and Equation 4.1 and are displayed in Table 7-6. 

Table 7-5 Comparison of VM Yield of Demineralised and Untreated Biomass Chars Generated 

at 1300 oC for 200 ms in DTF 

Sample (µm) 
Demineralised VM Yield 

(daf%) 

Untreated VM Yield 

(daf%) 

W (75-150) 98.5 87.8 

W (150-300) 99.6 93.2 

Bag (75-150) 92.7 90.0 

Bag (150-300) 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 demineralisation that would 

be attributed to the freeing of short chain hydrocarbons from bonding with the ash 

constituents. Whilst the blended samples provided large positive differences between the 

predicted values, that included this parental increase, and the calculated observed VM yields. 

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 Demineralised Biomass Blend Chars Generated 

at 1300 oC for 200 ms in DTF, on 50% Weight Basis 

Sample (ɛm) 
Demineralised VM Yield 

(daf%) 

Predicted Demineralised VM 

Yield (daf%) 

Bag:SA (150/53) 80.7 71.7 

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 7-2 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 represent 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 that the AW predictions in Figure 7-2 are larger than the predictions of the 

untreated blends. This difference is due to the increase in VM yield that the demineralised 

biomass species experience in fast heating conditions compared to the untreated raw fuels in 

the same conditions, detailed in Table 7-6. Bag shows the least change between the treated 
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and untreated materials, 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 process (AW samples) has made it easier to remove the volatile material 

from the char structure during pyrolysis.  

All of the AW experimentally determined results within Figure 7-2 exceed the AW predicted 

values and the comparative untreated blends. This provides evidence that large synergistic 

effects are impacting the production of VM during fast heating condition pyrolysis. 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 

exhibited minimal to no improvement 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 

heating ramp rate conditions that high ash biomass blends, such as OC, had a significantly 

improved char reactivity and burn-out performance, whilst the low ash samples, such as W, 

showed none at slow heating. With increases in production of VM during fast heating 

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 been used for comparable analysis in 

this section, T90 and k525. 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 in subsection 3.4.1.  

Table 7-7 compares the char burn-out performances of the parent fuels for both the untreated 

and processed materials, whilst Table 7-8 details the char combustion characteristics of both 

sets of blended samples. It can be seen in Table 7-7 that the demineralised fuels have vastly 

reduced reactivities, with first order rate constants being reduced an order of magnitude. The 

OC and W species had comparable burn-out performances when untreated and this is the 

case after demineralisation.  

Table 7-7 Char Burn -out Characteristics Comparison Between Demineralised and Untreated 

Biomass, Generated at 1300 oC for 200ms in DTF  

 Demineralised Untreated 

Sample (ɛm) T90 (mins) k525 (s-1) T90 (mins) k525 (s-1) 

Bag (150-300) 33.18 0.096 6.40 0.487 

Bag (75-150) 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 conditions were T90ôs of 134 and 116 minutes 

for the 53-75 µm and 75-150 µm size fractions respectively. Though the performance of the 

parent fuels after demineralisation is worse than the untreated material, the reduction in 

reactivity of the blended samples, shown in Table 7-8, is 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 lessened. Both 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 char burn-out 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 provides a significant influence 

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 1300 oC for 200ms in DTF and 50% Weight Basis 

 Demineralised Untreated 

Sample (ɛm) T90 (mins) k525 (s-1) T90 (mins) k525 (s-1) 

SA:Bag (53-75:150-300) 237.37 0.011 85.63 0.036 

SA:Bag (53-75:75-150) 220.76 0.013 70.34 0.043 

SA:Bag (75-150:75-150) 240.26 0.011 61.35 0.061 

SA:OC (53-75:150-300) 153.40 0.019 15.41 0.271 

SA:OC (53-75:75-150) 147.97 0.024 4.28 0.857 

SA:OC (75-150:75-150) 131.99 0.022 7.99 0.563 

SA:W (53-75:150-300) 171.70 0.017 82.85 0.039 

SA:W (53-75:75-150) 155.35 0.020 103.97 0.029 

SA:W (75-150:75-150) 140.47 0.020 84.40 0.040 
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Within Figure 7-3 and 7-4, the normalised carbon burn-out 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 classifications are the same as in Chapter 5. Overall no positive catalytic 

improvement of char burn-out was observed, with reduction in reactivity being caused by 

increased VM yields removing combustible material. 

 

 

Figure 7-3 Char Burn -out Comparison of Demineralised and Untreated W Blended with SA 

Generated at 1300 oC for 200ms in DTF, on a 50% Weight Basis 
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Figure 7-4 Char Burn -out Comparison of Demineralised and Untreated OC Blended with SA 

Generated at 1300 oC 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 volume by gas sorption analysis. The methodology for testing was the same and is 

described in subsection 3.4.3. In addition, the chars underwent ash mineral content analysis 

using XRF to provide an insight into the quantities and specific AAEMs that are responsible 

for the effects observed throughout Chapters 4, 5 and 7. The XRF methodology is the same 

as used earlier in this chapter and detailed in subsection 3.4.2.  

7.5.1 - Gas Sorption Analysis of Demineralised Char  

Table 7-9 contains a comparison of the gas sorption results of the demineralised and 

untreated biomass blends, as determined using the Dubinin ï Radushkevich Model for CO2 

adsorption. In general the demineralised samples have lower values across the four 

parameters.  
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The W species blends have similar micropore 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 

m2/g difference between 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 

demineralised and untreated blends. The untreated samples are 50 m2/g greater than the 

demineralised samples for the two blends with SA 53-75 µm size fractions, whilst the 75/75 

blend is 25 m2/g larger. 

Table 7-9 Gas Sorption Analysis Comparison of Demineralised Blends Against Untreated 

Blends generated at 1300 oC for 200 ms in DTF, using Dubinin - Radushkevich Model 

Sample (µm) 

Micropore 

Surface Area 

m2/g 

Micropore 

Volume 

cm3/g 

Micropore 

Volume Error  

±cm3/g 

Monolayer 

Capacity 

cm3/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 23.5 

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 small differences between the untreated and 

demineralised blends, however the differences are not large enough to cause the effects 

detailed in the previous char reactivity study, subsection 7.3. The W species for example 

shows the smallest variation between demineralised 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 untreated samples, suggesting peak devolatisation occurred. However, the 

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 

surface 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 or quantifiable 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 1300 oC in a DTF for 200 ms are displayed below in Figure 7-5. 

The full ash mineral content acquired through XRF analysis for all SA blended chars are in 

Appendix D. The AAEM ash content stated in the graph includes CaO, MgO, NaO and K2O. 

A relationship between the total AAEM ash content and T90 time seems to be present with a 

decrease in reactivity being seen for the char samples with lower levels of AAEMs. 
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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 package Minitab. Bag, 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 blends do 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 burn-out. This statistical analysis is supported 

by the results stated in Chapter 5 that W and Bag blends that did not observe any synergistic 

char reactivity improvements. The relationship between the char reactivity and the AAEM 

content of the varying OC blends is significant with a P value less than 0.001, meaning the 

statistical likelihood of the relationship being a coincidence is less than 1 in 1000. Therefore, 

a regression model could be fitted with confidence that its result could be used to predict 

further results when all of the data set was used. The linear model produced a relationship 

that achieved an R square value of 81.1 %, as shown in Figure 7-6. 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 by analysing the fitted line plot in Figure 7-6 it can be seen that the 

largest variation from the linear model occurred at the lowest T90 values.  
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By removing three outlying data points from the data set a different model could be fitted by 

the regression analysis, a quadratic model as shown in Figure 7-7. This improved the R 

square value to over 95%, however in doing so reduced the number of data points within the 

assessment to a relatively low sample size, 12 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% or higher.  

In addition, within both models the intercept value when X=0 leaves Y as a non-zero value, 

therefore suggesting that there is a maximum amount of AAEMs that will cause combustion 

at such a rate that the sample will have burnt instantly. This 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 AAEMs reach 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 quadratic model 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 can be overcome 

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 burn-out ratios for industry. 
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7.6 - Conclusions 

¶ The demineralisation process removed in excess of 50% AAEMs from the majority 

of biomass samples whilst retaining structural integrity  

¶ Slow heating ramp rates produced VM contents that were higher than predicted for 

the demineralised OC blends. Natural error can explain the differences between all 

other demineralised and untreated samples that may have exceed the predicted value. 

Those samples that are outside of the assigned errors are unlikely to be experiencing 

synergistic effects due to TGA test conditions. Further testing would be required to 

confirm cause 

¶ 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 char formation mechanisms  

¶ Co-fired blends of high ash samples exhibit increased char reactivity that is caused 

by the presence of AAEMs. Evidence that AAEM content of char ash indicates the 

speed at which T90 time shall be completed found. The trend is increasing AAEM 

content leads to decreasing T90 

¶ A quadratic model fitted to SA blended with OC at 50% or higher loadings provides 

a high degree of agreement that a relationship exists between AAEM content and 

char reactivity 

¶ Char reactivity of blended samples adversely effected by increase in VM yields. All 

blended samples were less reactive than individual coal char 

¶ Gas sorption analysis provided no 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 burn-out improvements in high ash samples described in previous 

chapters, a deeper understanding of how these effects impact on the overall combustion 

process was necessary. To develop a better understanding, a study into the impact of co-

firing upon the ignition behaviour was conducted. The study comprised of observing the 

particle ignition point for 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 study. Particle 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 point of the furnace. The image 

processing steps for analysis are listed in subsection 3.5.3. Upon completion of this study 

several experimental and image processing issues have been identified that would need 

rectifying before this data could be deemed quantifiable rather than semi-quantifiable in its 

current state. The 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 able to distinguish 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 than once. However, 

the current statistical 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 co-firing may have on the flame behaviour 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 however, the entirety of the evidence could not be submitted into this 

document. As such, a representative image of each parent fuel particle size classification and 

the associated blends can be found in Appendix 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 VDTF ignition behaviour study were: 

¶ Both coal types, SA and Welsh, ignite at the bottom of visual window 

¶ Biomass materials ignite identifiably closer to the furnace entry point 

¶ Biomass material ignites with greater intensity compared to that of the coal species 

¶ Blended samples can be seen to migrate towards the entry of furnace, exhibiting 

behaviour similar to biomass 

8.3 - Semi-Quantitative Assessment 

Using the automated Matlab image processing program, the experimental studies could 

provide semi-quantitative data that allowed a more comprehensible analysis to be conducted. 

The processed image data underwent boxplot analysis in Minitab statistical software package 

to provide an understanding of the spread of the data (Appendix F).  

8.3.1 - Image Processing 

After capturing the 4000 colour images for each test, these were converted into greyscale, 

thresholding completed to create a binary image and particle edge detection used to identify 

ignited particles. The process starts and finishes with images shown in Figure 8-1. The 

program identifies each individual particle within an image, defined by the edge boundary, 

and calculates the distance between the entry to the feeder 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 across the image, as in Figure 8-1, that corresponds to a 

known distance from the feeder 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. 

 

 

Figure 8-1 Processing of an Image a) OC 75-150 µm b) OC 75-150 µm after processing 

 

Table 8-1 details the averaged distances of ignition for the parent fuels as well as the median, 

interquartile range and number of particles recorded. The number of particles counted during 

analysis has been reported to show that a significant number of individual particles have 

been included in the statistical assessment of co-firing performance.  
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Table 8-1 Ignition Point Distance for Individual Fuels during VDTF  

Sample (µm) 
Average 

Distance (mm) 
Median (mm) 

Interquartile 

Range (mm) 

Number of 

Particles (N) 

Bag (75-150) 213 214 79 20729 

Bag (150-300) 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 (53-75) 317 322 58 25672 

SA (75-150) 289 305 114 76594 

Welsh (53-75) 322 335 63 27775 

Welsh (75-150) 327 344 73 44518 

 

It can be seen from the averaged distances that as stated in the qualitative study that both 

coals took a longer time to start to ignite than the biomass materials. Another trend that can 

be seen is that the large particle size for each fuel registered a greater number of individual 

particles during the test. This may be due to the smaller particles being identified as fewer 

larger particles during image processing.  

Of the three biomass species, Bag was seen to be the quickest and most consistent fuel to 

ignite with the shortest overall distance for ignition. The overall order of biomass species 

combustibility for 75-150 µm is Bag > OC > W, whereas 150-300 µm is OC > Bag > W. In 

general, the OC and Bag display similar ignition points whilst W is higher. For the majority 

of samples the median is higher than the averaged distance, meaning 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 program are flawed and therefore provides semi-

quantifiable data. The experimental and processing limitations that cause this are: 

¶ 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 due to intense 

burns creating halo effects 

¶ Grouping of individual particles being defined as one large particle, therefore not 

being represented fairly during averaging results 

¶ Particles were not tracked throughout subsequent images due to complexity of 

programming, therefore being counted repeatedly  

The limitations of the analysis technique may skew the data sets, however 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 8-2 details the results of the VDTF study for the SA coal blended with OC, Bag and W 

species. Figure 8-2 then presents the data compared against predicted ignition distances 

based on an additive relationship of equal characteristic influence. The prediction values 

have been calculated using Equation 8.1. 

ὖὶὩὨὭὧὸὩὨὈὭίὅέὥὰὈὭίπȢυ ὄὭέάὥίίὈὭίπȢυ  Equation 8.1 

The results within Table 8-2 have only a small difference between the average distance and 

median value suggesting a near symmetrical distribution of ignition points. In addition, the 

range of spread for the blends follows a pattern of increasing variation through the blends, 

Bag > W > OC.  
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Table 8-2 Ignition Point Distance for SA Blends during VDTF 

SA Blended 

Fuels (µm) 

Average 

Distance (mm) 
Median (mm) 

Interquartile 

Range (mm) 

Number of 

Particles (N) 

SA:Bag 

(53-75:75-150) 
254 260 91 11981 

SA:Bag 

(53-75:150-300) 
221 213 99 28990 

SA:Bag 

(75-150:75-150) 
256 259 84 38483 

SA:W 

(53-75:75-150) 
263 264 94 20019 

SA:W 

(53-75:150-300) 
261 267 112 62437 

SA:W 

(75-150:75-150) 
272 277 101 41084 

SA:OC 

(53-75:75-150) 
239 242 129 23367 

SA:OC 

(53-75:150-300) 
281 289 103 56645 

SA:OC 

(75-150:75-150) 
236 237 140 44112 

 

Within the tabulated data, the Bag and OC species give results for the 75-150 µm blends, 

suggesting that the biomass influences the performance of the mixture. However, the W 

species give similar results between the blends that use the SA 53-75 µm fraction, suggesting 

that the coal species controls influence. This may relate back to ash content as the Bag and 

OC both having relatively high quantities of ash, whilst the W species has low ash content.  

Within Figure 8-2 the coal value is represented by the grey bar, the predicted by the orange, 

the observed by the blue and the biomass by the yellow.  

When the blended samples average distances are compared against the predicted values in 

Figure 8-2 the Bag and W species exhibit similar trends. The Bag and W species both give 

improvements in the ignition point distance in comparison with the predicted values for the 
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mixtures containing the SA coal fraction, 53-75 µm. The OC blends containing the OC 75-

150 µm size fraction present evidence of improvements in ignition whilst the other mixture 

with the 150-300 µm does not.  
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8.3.3 - VDTF Study of Welsh Coal Blends 

The same experimental study as used in subsection 8.3.2 was repeated with the second 

unreactive coal, the Welsh sample, to determine whether the effects seen with SA coal could 

be replicated and confirmed. Table 8-3 details the results of the VDTF study for the Welsh 

coal blended with OC, Bag and W species and Figure 8-3 presents the data compared against 

predicted ignition distances. The same predictive method is used from Equation 8.1, based 

on an additive relationship of equal characteristic influence. 

 Table 8-3 Ignition Point Distance for Welsh Blends during VDTF 

Welsh Blended 

Fuels (µm) 

Average 

Distance (mm) 
Median (mm) 

Interquartile 

Range (mm) 

Number of 

Particles (N) 

Welsh:Bag 

(53-75:75-150) 
269 271 89 24188 

Welsh:Bag 

(53-75:150-300) 
244 245 104 52086 

Welsh:Bag 

(75-150:75-150) 
274 275 82 63797 

Welsh:W 

(53-75:75-150) 
290 297 101 38930 

Welsh:W 

(53-75:150-300) 
289 290 90 56589 

Welsh:W 

(75-150:75-150) 
278 280 98 71186 

Welsh:OC 

(53-75:75-150) 
264 273 146 467535 

Welsh:OC 

(53-75:150-300) 
276 288 123 61733 

Welsh:OC 

(75-150:75-150) 
273 283 132 46868 

The majority of the Bag and W blended samples have a minimal difference between the 

average distance and median value showing a similarity to the SA Blends. The OC blends 

and the Welsh-W 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 species blend results, shown in Table 8-3, for mixtures with the biomass 

75-150 µm 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 53-75 µm SA fraction provide identical average ignition distance, 

however the medians show that the mixtures have different distribution profiles. With the 

Bag and OC experiencing similar trends as to those seen in for the SA study and W blends 

seemingly showing more coal based influences, the ash content of the biomass may be 

playing an important role in the observed results.  

Figure 8-3 uses the same formatting series as subsection 8.3.2 and therefore representation of 

the different values is kept constant. The OC species shows small decreases in relation to the 

predicted values for all of the mixture blends. Both Bag blends containing 75-150 µm 

particles show small increases relative to the predicted values, whilst the blend using the 

150-300 µm performs better than the individual biomass. The 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 during 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 been hampered 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 

¶ Both qualitative and quantitative assessment of high speed camera recordings 

identified the large difference between the points of coal and biomass ignition 

¶ For both the Welsh and SA coal, the high ash biomass blends suggested that their 

point of ignition was dictated by the biomass species, due to matching trend patterns 

¶ Low ash sample, W, suggested that the coal species dominated the characteristics 

due to the 53-75 µm coal fraction blends having similar average distances before 

ignition 

¶ Image processing analysis needs refinement to remove issues such as repeated 

capture of particle and agglomeration of smaller particles 

¶ The Welsh coal blend distances to the point of ignition may be underestimated as the 

coal sample was not completely ignited due to the length of viewing port being too 

short 
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Chapter 9  Discussion of Significant Results 

The first significant results found in this investigation into the effects of co-firing unreactive 

coal with biomass was the observation of synergistic improvements of VM yields at fast 

heating ramp rates for low ash biomass species. In 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 particle experienced 1300 oC and therefore devolatisation occurred over 

millisecond timescales rather than the minutes timeframe of TGA or HTF. Moisture vapour 

is therefore available for interaction with the particle surface promoting the removal of VM 

through enhanced 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 ramp rates during 

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. The method 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 char formation 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 to VM. Evidence 

for this competing mechanism was seen 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 was shown 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 blended with high 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 AAEMs. 

Removal of the AAEMs from the biomass fuel created 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 effects. 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 unreactive coal blends is significant. By determining the ash minerals that 

cause improved burn-out performance the catalytic mechanism can be isolated and further 

studied, improving the understanding around the reactions. 

Thirdly, the results relating to varying coal loadings are significant due to the ramifications 

that they could have on the industrial co-firing industry. At 75% coal weightings the W and 

Bag species displayed increased VM yields suggesting improvement of coal blends could be 

achieved at reduced biomass weightings. Therefore with further investigation the biomass 

loading could be optimised to help unreactive coal specimens to increase VM yield whilst 

not reducing energy production. By improving the VM yield, ignition temperature can be 

decreased and a more stable flame produced.  

In addition, the OC demonstrated significant improvements of char burn-out properties at the 

higher coal loading of 75%. This improvement could allow for a reduction in the unburnt 

carbon found in the ash of unreactive coal fired in pulverised fuel boilers by reducing the 

burn-out time. The displayed effect of co-firing 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 be considered 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 produce significant increases in char reactivity, biomass fuel could be replaced 

with biomass ash as an additive rather than for co-firing purposes. 
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Chapter 10  Conclusions and Future work 

10.1 - Conclusions 

The investigation into biomass co-firing to improve the burn-out of unreactive coals in 

pulverised 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 a TGA, 50 oC/min, 500 oC/min and 2000 

oC/min, no synergistic effects were observed for any of the samples prepared. At ramp rates 

that replicate those achieved in a pulverised fuel boiler for power generation uses, synergistic 

improvements were observed for VM yields 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 the biomass. 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 

content of 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 high volume of material 

needed to blend on a weight basis with coal, minimal ash containing AAEMs comes into 

contact with the coal particle during devolatisation. 

The second set of conclusions relate to the char reactivity testing of the co-devolatised 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 burn-out performance. High ash biomass blended chars created using both slow heating 

via HTF and fast heating via DTF 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 slow heating conditions 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 structural differences. 

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 biomass species were generated at slow 

heating conditions no synergistic effects were observed, with natural variation of material 

and experimental error explaining differences. When the same samples had chars produced 

under fast heating ramp rates all materials experienced synergistic improvement of VM 

yields. This finding provided further evidence that a steam gasification mechanism caused 

the synergistic effect, as the removal of ash mineral content removed the competing char 

formation mechanism. 

In addition, with the removal of AAEMs from the ash content the previously observed 

catalysed improvement of char burn-out disappeared. The dual effect of increased removal of 

VM during devolatisation and the decreased catalytic effect of AAEMs meant that the 

demineralised materials 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 coal loading 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 burn-out studies would decrease the time taken for ignition to begin. Both qualitative 

and semi-quantitative analysis of the captured particle ignition distances provided 

inconclusive results and further investigation would be necessary. 



171 

 

10.2 - Future Work  

This study has demonstrated the synergistic and catalytic effects that occur during co-firing 

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 low ash 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 of co-firing in large scale power generation 

operations the following areas of work are proposed: 

¶ Industrial co-firing 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 operations further 

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 

burn-out performance whilst 75% showed significant increases in reactivity for high 

ash biomass species. Therefore by conducting a series of further blended ratios in 

this range an optimised condition could be found. 

¶ Indirect co-firing operates by the addition of gasified biomass into the coal boiler 

therefore removing the issue of ash formations. This technique of co-firing would 

also remove the ash mineral content that has been illustrated in this study to provide 

the burn-out improvements that would allow unreactive coal to be burnt more 

efficiently. The AAEMs that have been demonstrated to 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 gasified biomass 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 that the slow 
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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 

data sets the relationship model between AAEMs 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 effects observed during co-firing 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 evolution of this 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 and impacts 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 co-firing of unreactive coals at a 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. 
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Appendix A  Fuel Selection Testing 

To ensure that the coal used throughout this project met the predefined criteria of being 

deemed unreactive, a low to mid volatile bitumous coal that had 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 Welsh coal sample has two entries within the results table. 

This is due to the Welsh coal being unreactive to the extent of not completing burn-out over 

a six hour period, thus the isothermal temperature was raised to 625 oC enabling the Welsh to 

burn-out slightly faster than the slowest at 525 oC, Venezuelan. For this reason the Welsh 

was one of the two coals taken forward, however it was of semi-anrticite ranking not 

bitumous as the criteria asked for. The second coal chosen for study in this investigation was 

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 importance than the 

Venezuelan coal. 

Table A-1 Char Burn-out of Coal Candidates at 525 oC, unless stated 

Coal 

(53-75 ɛm) 

T90 

(min) 

1st Order Rate Constant 

(min-1) 

Welsh* N/A 0.0082 

Venezuelan 88.98 0.0259 

Welsh (625oC) 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 Burn-out not reached, 62.5% achieved 

To ensure that the biomass used throughout this project met the predefined criteria of 

providing a wide range of alkali and alkaline earth metals (AAEMs) contents, XRF testing 

was conducted using the methodology provided in subsection 3.2.3. Table A-2 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-

300 ɛm) 

Olive 

Cake 

White 

Wood 

Raw 

Bagasse 
Eucalyptus 

Steam 

Torrefied 
Miscanthus 

Commercial 

Torr efied 
Sunflower 

Microwave 

Torrefied 

Mixed 

Wood 

 Ash (db%) 10.47 0.54 9.30 0.64 2.76 9.07 3.18 3.75 0.44 1.57 

W
e

ig
h

t 
%

 

SiO2 0.90 0.01 3.73 0.08 0.13 1.63 0.18 0.07 0.01 0.20 

Al2O3 0.19 0.00 1.15 0.04 0.03 0.11 0.03 0.45 0.00 0.08 

Fe2O3 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 

MgO 0.50 0.03 0.18 0.04 0.11 0.14 0.14 0.31 0.02 0.12 

Na2O 0.13 0.01 0.00 0.02 0.04 2.39 0.04 0.00 0.00 0.04 

K2O 3.54 0.09 0.44 0.07 0.30 0.74 0.44 1.23 0.08 0.14 

Mn3O4 0.00 0.01 0.01 0.01 0.03 0.01 0.01 0.00 0.01 0.01 

P2O5 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 TGA represented char through HTF conditions a study into the 

optimal conditions to replicate TGA char reactivity was conducted. The study looked at 

varying two conditions of the HTF, heating ramp rate and N2 purge flow rate. For all tests 

the HTF was ramped to 850 oC and left for 60 minutes, as described in subsection 3.3.3. The 

aim was to match the TGA apparent first order rate constant, k, and normalised carbon burn-

out profiles as closely as possible. The test was conducted on the SA coal material used in 

the test program at a size fraction of 53-75 µm. TGA k value was equal to 0.067 for the SA 

coal char burn-out at 525 oC, as described in subsection 3.4.1.  

Testing variable ranged as follows: 

¶ Heating ramp rate between 5 and 20 oC/min at 5 oC increments 

¶ N2 purge flow rate between 1 and 3 L/min at 1 L increments 

From Figures B-1 and B-2 it can be seen that minimal difference between the reactivity of 

the chars occurred when conditions were varied. In B-1 the burn-out profiles follow a similar 

performance curve, whilst in B-2 k values range over 0.005 s-1. The closest match to the k 

value of TGA char was achieved using settings of 1 L/min flow of N2 purge gas at a heating 

ramp rate of 15 oC. Therefore these were the conditions to prepare slow heating char in the 

HTF for the reported samples throughout the research. 
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Figure B-1 Comparison of Normalised Char Burn-out Profiles of TGA and HTF produced SA 

Coal Char, 53-75 µm 

 

Figure B-2 Comparison of HTF Char Reactivity with Varying Purge Gas Rate and Heating 

Ramp Rate 
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Appendix C  Optical Microscopy  

 

Figure C-1 Optical Mosaic of SA 53-75 µm 

 

Figure C-2 Optical Mosaic of SA 75-150 µm 
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Figure C-4 Optical Mosaic of Bag 150-300 µm 

Figure C-3 Optical Mosaic of Bag 75-150 µm 
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Figure C-5 Optical Mosaic of SA:Bag 53-75:75-150 µm 

 

Figure C-6 Optical Mosaic of SA:Bag 53-75:150-300 µm 
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Figure C-7 Optical Mosaic of SA:Bag 75-150:75-150 µm 

 

Figure C-8 Optical Mosaic of W 75-150 µm 
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Figure C-9 Optical Mosaic of W 150-300 µm 

 

Figure C-10 Optical Mosaic of SA:W 53-75:75-150 µm 
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Figure C-11 Optical Mosaic of SA:W 53-75:150-300 µm 

 

Figure C-12 Optical Mosaic of SA:W 75-150:75-150 µm 






















































